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SUMMARY

ImmmwTIox
OFWATER+ROP

OFARBITRARYSECTION
S3?EEDS

Bergrun

Anempiricalmthodforthedeterminantionofthe
distributionofwater4ropimpingementonairfoilsof

area,rate,and
arbitrarysection

ispresented.Theprocedurerepresentsan initialsteptowardthe
developmentofa ~thodwhichisgenerallyapplicableinthedesign
ofthermalice=preventionequipmsmtforairplanewingandtailsur-
faces.Resultsgivenbytheproposedempiricalmathodareexpected
tobe sufficientlyaccurateforthepurposeofheated+wingdesi~,

9 andcanbeobtainedfroma fewnumericalco~utationsoncethevelocity
distributionovertheairfoilhasbeendetermined.

* Theempiricalmethodpresentedforincompressibleflowisbased
onresultsofextensivewater4roptrajectorycomputationsforfive
airfoilcaseswhichconsistedofl>percen%thickairfoilsencompassing
a moderatelifi+oefficientrange. Thedifferentialequationsper-
tainingtothepathsofthedropsweresolvedbya differential
analyzer.

Themethoddevelopedforincompressibleflowisextendedtothe
calculationofareaandrateofimpingementonstraightwingsinsub-
sonicco~ressibleflowtoindicatetheprobableeffectsofcompressi-
bilityforairfoilsatlowsubsoniclkchnunibers.

INTRODUCTION

Thedesignofthermalice-preventionequipmntforairplanewhg
andtailsurfaceshasprogressedtothepointwheretheamountand
distributionofheatflowcanbecalculatedforspecifiedflightand
icingconditions(reference1). Thisdesignprocedurerequiresinfor-

+... nmtionastothearea,rate,anddistributionofwater-dropb@nge-
. mentontheleadingedgeoftheairfoilsectionbeingsmalyzed.At the
‘i presentth, anapproximationofareaandrateofwater+opimpinge-

mentisachievedbyusinga methodinvolvingthemibstitutionofa
circularcylinderfortheairfoilleadingedge,assuggestedin

.
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references1 and2. Thissubstitutionmethodisadequatefocdesign
purposesforsomecombtiationsofcylinderdiameteranddropsize,
butiticanproducesizableerrorsforothercombinations(references
1,3,and4).

A secondmeansofestimatingtheareaandrateofwater+o~
impingementonairfoilsisyrovidedbyrefeTence3. Thismethodis
moreaccuratethamthecylindersubstitutionmethod,butthecalcula-
tionprocedureissomewhatlaboriousand,as”aresult,itsuseisnot
toopracticableina completedesignstudy”wherea largenuiberof
trajectoriesareusuallyrequired.

Toestablisha procedurewhichwouldeliminatethelaborious
computationsofwate~op trajectoriesinthedesignofwingthermal
ice-preventionequipment,itbecameapparentthata largenuniberof
water+optrajectorieswouldberequiredforstudy.Experiencewith
calculatingtrajectoriesbythemethodofreference3hadshownthat
thepatternofwater+opimpingementforMop sizesuswllyencoun-
teredinflightcanberelatedmostdirectlytovelocitydistribution
overthesurfaceoftheairfoil.Airfoilshapeitselfappearedto
haveaneffectonthepatternofimpingement;buttoa lesserdegree
thanvelocitydistribution.Fiveairfoilcaseswerechosenasbeing
theminimumwhichcouldbe--expectedtoprovidesufficientdatato
includetheeffectsofthesetwofactors.Water-droptrajectories
werecomputedforthesefivecases.

This.re~ortpresentstheresultsofthewater-drop-trajectory
computations.Froma generalization.ofthesedata,a methodis
derivedthatpermitsa relativelyrapiddeterminationofthearea,
rate,anddistributionoflwater+opimpingementfora fairlylarge
numberofairfoilsurfacesofarbitraryprofile.Thederivation
andlimitationsofthismethodandtheprocedureforitsuseare
presentedherein.Thewater+iroptrajectoriesforthefiveairfoil ‘“
caseswere-computedonthedifferentialanalyzerattheUniversityof
California,LosAngeles,undercontractwiththeNACA;andappreci-
ationisextendedtothestaffoftheUniversityforitsaidand
cooperationduringtheconducto~theprogram.

SYMBOLS

Thefollowi&nomenclatureisusedthroughoutthisreport:

a airfoilmean-linedesignation,fractiou~fchQrdfrom
leadingedgeoverwhichdesignloadisuniform

ad instsmtaneousdrop-accelerationratio,dimensionless
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Ma

MS

P

area
at

area

normaltoflowdirectionoutlinedby
free-streamconditions,squarefeet

3

severaltrajectories

ofimpingementoutlinedonanairfoilsurfaceby
trajectoriesstartingatfree-streamconditionsfroman
initialareaof Ao, squarefeet

chordlengthofairfoil,feet
dAo

()
concentrationfactor ~ , dimensionless

s
dragcoefficientofdrop,~immsionless

sectionliftcoeffi-cient,dimensionless

‘resswecoefficient[l-(%SJ‘Wnsiodess
pressurecoefficientatMachnuniberM,dinmnsionless

collectionefficiencyofairfoil,percent

rateofchengeofvelocityalongthestagnationstrean+

lineatthestagnationpoint
[*IN)]y‘Wnsiode

frontalheightofairfoil,fractionofchord

slopeofairfoilcontourata particularchordwise
position,dimensionless

lengthofspan,feet

liquid+tercontentofichg cloud,poundsofwater
perctiicfootofair

Machnumber,dimensionless

weightrateofwater-dropimpingementperunitofsurface
area,poundsperhour,squarefoot

weightrateofimpingementofwaterdropsona body,per
uuitspan,poundperhour,foot

ratioofthevectordifferencebetweenthelocalairand

()

tia=d
dropvelocitiestof’ree-streamvelocity~ Y
dimensionless
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s

s

t

te
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v

v

X,y

x’,y’

m

MO

radiusofdrop>

Reynolds

Reynolds

distance

muiber

nuder
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feet

()
fordropatrelative-velocityFV ~

()fordmp atfree-streamvelocityV *

alongairfoilsurfacefromleadingedge,
onuppersurfaceandnegativeonlowersurface,

distancealongwater+lroptrajectory,fractionof

time,seconds

equivalentelJipsethicknessratiofora low+ag

()
2P
~ ~ fractio~ofchord

=imum thicknsssofairfoil,fractionofchord

posftive
feet

chord ,

airfofl

componentoflocalvelocityparald.eltochordline,
feetpersecond

localvelocityofairordrop,feetpersecond

componentoflocalvelocityperpendiculartochordline,
feetpersecond

fre~treamairvelocity,feetpersecond

rectangularcoordhatesfora system
originattheairfoilleadingedge
positivetowardthetrailingedge,
airfoilchord,fractionorpercent

ofaxeshavingthe
andthe x axis,
4hg abng the
ofchord

rectangularcoordinatesfora systemofaxeshavingthe
originattheairfoil.leadingedgeandthe X1 axis,
positiveinthefree-streamdirection,lyingpsral.lel
tofree-streamdirection,fractionorpercantofchord

totalairfoil-ordinateinterceptestablishedbytwo
impingingtrajectoriesstartingfrominfinityata
distanceAyo apart,fractionofchord

distancebetweentwotrajectoriesatinfinity,fraction
ofchord

.
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Mot

a

P

Y

e

v

P

T

$’

$

a

av

Cr

d

e

1

M

max

o

s

t

u

distancebetweentwotrajectories
andimpingetangentiallyonthe
chord

angleofattack,degrees

Prandtl-Glauertfactor,equalto

specificweight,poundspercUbic

whichstartatinfinity
airfoil,fractionof

1/2
(1# ) , dimensiohess

foot

angulardisplacementbetweenlocalvelocityand x axis,
degrees

kinematicviscosityofair,squarefeetpersecond

airfoilleading-edgeradius,fractionofairfoilchord

timescale ()t’vT/
(scalemodulus9

streamfunction,

air

, dimensionless
7g3
xx: )

, dimensionless

dimensionlesss

Subscripts

average

critical

drop

effective

lowersurface

conditionsata particularMachnumber

maximum 9

initialcondition

conditionatairfoilsurface

tangential

uppersurface

.-
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DERIVATIONOFTHEMETHOD

Themethod,derivedherein,forcalculatingarea,rate,and
distributionofdropimpingementassumesthatairfoilvelticitydistri-
butioncanbeconsideredastheprimaryfactorinfluencingthepaths
ofwaterdropswhichapproachanairfoil.Hence,itwasdesiredto
finda relativelysimplerelationbetweentheairfoilvelocitydistri-
bution(whichinitselbisa functionofairfoilcontour)andthearea,
rate,anddistributionofimpingement.Accordingly,tra~ectories
aroundairfoilsoflmownsurfacevelocitydistributionwereobtained
foranalysis,and,fromthisinformation,generalizationsweremade
astothebehaviorofdropsinthepresenceofthedifferentairfoil
velocityfields.

DescriptionofProcedureUsedto
ObtainWater~ropTrajectories

Thefiveairfoilcasesselectedforthewater-dro~trajectory
investigationarelistedinthefollowingtable:

Leading-edge
C&se Airfoil Angle(;~g~ttack c1 radius

(percentchord)

1 l>percent-thick o 0 “ 2.67
symmetrical.
Joukowski

2 Do 2 .22 2.67

3 Do 4 ..44 2.67

4 l>percent-thick o .44 2.67
cambered
Joukowski

3 NACA652+15 4 ,449 1.505
(symmetrical)

Thistableshowsthesystematicchanges.inthevariableswhich
affectvelocitydistribution.Cases1,2,and3wereintendedto-
revealtheeffectsofsystematicallyalteringairfoilvelocity
distributicmbychangingang?.eofattack;case4,comparedtocases1
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and3,theeffectsofalteringvelocitydistributionbythe
ofabasicloaddistributionobtainedby camberhgthemean

addition
line;

andcases3 and5,theeffectsofchang-tiggeneraiairfoilshape-for
a givenangleofattackandliftcoefficient.Theup~r-andlower-
surfacevelocitydistributionsovertheforwardregionofeachofthe
fiveairfoilsareshowninfigure1. Velocitydistributionsfor
Joukowskiairfoilsareusedwherepossiblebecausetherequiredveloc-
itycomponentsinthefieldofflowaremorereadilyobtainedthanfor
‘mostotherairfoils.Itisnotedinfigure1 thatthevariables
selecteddidnotresultinawidevarietyofvelocitydistributions,
butitisbelievedthatthesedistributionsareofsufficientscopeto
allowa generalizationofthetrajectorydata,atleastforcasesin
whichtherearenomarkednose-pressurepeaks.

Thewater-drop-trajectorycomputationsweremadetoencompass
a speedrangeof100to350milesperhour(assumingIncompressible
flow),a drop-di’ameterrangeof20to100microns,anda variaticm
inaltitudefromsealevelto20,000feet.Airfoilchordlengthwas
variedfrom3 inchesto30feet.Thesevariableswerecombinedinto
thedimensionlessparameters,$ and Rv,whichthenwereusedas
theindependentvariablesthroughoutthetra~ectorycomputations.
Therangeinvaluesof $ and Rv resultingfroma combinationof
eachminimumvalueanda coribinaticmofeachmaximumvalueofthethree
constituentvariablesisabout150to20,000for ~ andabout35to

.—

1000for Rv. Theserangesin $ andRv encohpassmostotherpos-
siblecombinationsoftheselectedvaluesofspeed,dropsize,altitude,
andchordlength,butthedatacalculatedfortheserangesin ~ and
Rv arenotnecessarilylimitedtotheparticularvaluesofthecon-

—

stituentvariablesusedtoestatlishtherangesin ~ and ~.

Theproblemofobtainingarea,rate,anddistributitmof.water-
dropimpingementonanairfoilisoneofdeterminingthesolutionto
a setofsimultaneousdifferentialequationsyieldingthetrajectory
orpathwhicha waterdroptillfollow.Theseequations,a derivation
ofwhichmaybefoundinreference5,areessentiallythosewhichre&lt
fromimposingconditionsofdynamic equilibriumona dropmovinginen
airstream.h dimensionlessform,theequationsare

—=; (;)(;-3d(udfl) (u
dT
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(%)’=(F-
Basically,equations(1)and

dropatanyinstantinorthogonal

32“(w)’ (3)

(2)definetheaccelerationofa
(xandY) directions.Conseauentl~..

a doubleintegrationoftheseequations,&mrtingfroma selected
“.

initialpoint(xo,ye),yieldsx and y valuesnecessarytoylota
droptrajectory.Equation(3)isrequiredtoproceedwtththesohe
tionsofequations(1)and(2).Inperformingtheintegrations,
knowledgeofthequantityCdR/24(theratiooftheactualdragcoef-
ficientgivenbyStokeslawofresistance)isrequired;alsorequired
aremagnitudesoftheair-velocitycomponentsUJV ani.Va/V asa
functionofdroplocationrelativetothebody.(Seereference5;)
VariationofthetermCdR/24withlocalReynoldsnuniberR wastaken
fromreference6,whilethevariationoftheair-velocitycomponents
Uafi andva/Vthroughouttheflowfieldwasobtainedanalytically
fortheJoukowskiairfoils.InthecaseoftheNACA652-0L5airfoil)
however,thevelocitydistributionthroughouttheflowfieldwas
obtainedbyanelectro~icanalogymthod.1

Incarryingoutthedifferentialanalyzercomputationsforthe
fiveairfoilcases,thegeneralprocedurewastoassignvaluestothe
termsv and R’vinequations(1),(2),and(3),toestablishinitial
conditions,andthentoobtainthewater+op-trajectorytracesfrom
theanalyzer.Toreachconibinationof $ and Rv selected,several
trajectoriesweretraceduntilthetwotrajectorieswerefound,one
fortheuppersurfaceandoneforthelowerGitrface,whichweretangent
totheairfoilsurfaceatthepointofdroyf?@acti-Theimportanceof
thesetwotangentialtrajectoriesliesinthefactthatalldrops
betweenthetangentialtrajectorieshittheairfoilandalldropsout-
sidewillmiss.Insomecases,afterthetangentialtrajectorieswere

%?heelectrolyticanalogymethodwasbasedonthefactthat-thestrean+
linesinantiviscidincompressiblefluid-andtheequipotential-
linesinanelectrical.fieldaregovernedbythesameequations.By
meansofthisanalo~andsuitablyconstructedapparatus,velocities
atanypointint,heflowfieldarounda bodycouldbemeasured
directly.Accuracyoftheelectrolyticanalogymethodofobtainhg
velocitieswasassessedbycomparingmeasuredvelocitieswiththe-
reticallycalculatedvaluesfortwobodies.Comparisonsweremade
fora smallcylinder,withtiwithoutcirculation,andfora 15-
percent-thickJoukowskiairfoil(ofvariouschordlengths)withand
withoutcirculation.Foroptimumtestconditions,theaccuracyin
velocitieswasabout+5perce~tout-to”approximatelyone-halfchord
forwardofthe.airfoil.Betweenone-halfandonechordlength
forwardoftheairfoil,velocitiescouldbeobtainedwithanesti-
matedaccuracyof*lopercent.

,4..._____~.
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established,
matelyequal

thedistancebetweenthemwasdividedintosixapproxi-
spaces,andtrajectoriesstartedattheboundaryofeach

spaceweretraced.Theseintermediatetrajectorieswereusedto
obtainanindicationofthedistributionofwater-dropimptigement
overtheairfoilsurface.

Water+rop+?rajectoryData

Allthe
distribution
infigures2
forassigned
yieldvalues

tangentialtrajectories,andthetrajectoriestracedfor
ofimpingement,arepresentedforthefiveairfoilcases
through6. Thedroptrajectories,whichwerecalculated
valuesoftheindependentvariablesv and Rv directly
oftrajectorystartingordinatesandsurfacepositions

ofdropimpingement.Thesevariables,which,bythemethodofanalysis
showninreference1,canbeusedtodeterminethevaluesofthe
dependentvariables,area,rate,anddistributionofimpingement,are
tabulatedintablesI throughV foreachoftheairfoilcases.Also
includedinthetablesarethevelocitycomponentsofthedropsatthe
pointofimpingement.

MannerinWhichWater+lrop-TrajectoryData
WereGeneralized

Theobjectiveingeneralizingthewater-droytrajectorydata
obtainedfromthedifferentialanalyzeristoestablisha relatively
simplemethodfordeterminingtheimpingementpatternofwaterdrops
onanarbitrarilyselectedairfoilata givenattitudeforspecified
valuesof ~ and Rv. Itisdesirablethatapplicationofsucha
methodshouldrequireonlyinformationwhichisusuallyavailablefor
theairfoilprofile,orwhichiseasilyprocured,suchasthepressure
distribution.Therefore,thefirstpartofthissection
thereasoningassociatedwithderivingsucha methodfor
flowfromtheresultsofthetrajectorydata;thelatter
devotedtoanextensionofthebasicmthodtosubsonic
flow.

willpresent”
incompressible _
partis
compressible

Generalizationinregardtoareaofwater-dropimpingement.-In
ordertodeterminetheareaofwater+ropimpingementontheleading
edgeofanairfoilforspecifiedmeteorologicalandflightconditions,
thevaluesof s/c forthetrajectorieswhichimpingetsmgential.lyon
theupperandlowersurfacesmustbe obtained.Incomputational
methodslikethoseofreferences3,5,and6,theprocedureessentially
hasbeentoselectvaluesof * and Rv andthentodeterminethe
trajectory.Varioustrajectoriesarecomputeduntilthet~ential
trajectoryfortheupperandlowersurfacesisfound.Thetwo
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tangentialtra~ectorieslocated
dropimpingemmtontheairfoil
and Rv andpermitcalculating
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determinethefarthestipositionsof
surfacefortheselectedvaluesof y
areaofimp-~ementfromtheequation

Inthederivationoftheempiricalmethod,hereinpresented,the
reverseprocedurewasemployed;thatis,a petitontheairfoilwas
selected(s/c)andthecorrespcmd~~ andRv valueswhichare
associatedwiththetangentialtrajectoriesatthatpointweredeter-
mined.Thenatureoftherelationshipbetweens/c andtheparame-
ters~ andRv isshowninfigure7. Dataforthefigurearethose
oftableIVforthecaniberedairfoilatzeroangleofattackanda
liftcoefficientofO.44.Fromfigure7,itcanbeseenthatany
specifiedvalueof s/c inthefigurecancorrespondtoaninfinite
numberofcombinationsof Rv smd *. Consequentlyitbecomes
necessarytoselectvaluesofonevariableandtosolvefortheother.
Inthederivationofthemethodofthisreport,valuesof Rv are
assumedandcorrespondingvaluesof $ arecomputed.

a
Ifthedataoffigure7couldbemadeavailableforallairfoils

ofinterest,theproblemofdeterminings/o forvariousvaluesof
$ and RV would,ofcourse,be simple.Becauseobtainingsuchdata *
forallairfoilsisimpractical,theprobleminthegeneralcase
arisesindeterminingtherelationbetweenRv,$ ,and s/c. To
determtiethisrelationship,equations(1),(2),and(3)areutilized
toderiveanexpressionfiorthescalemod~us$ ,whichis 7,

“=(%?%)R——
(4)

where

f% = /[?]2+[-]2
Equation(4)expressesgenerallytherelati.onbetween~ andRV

atallpointsina trajectory,and,therefore,itisapplicableatthe
airfoilsurfaceforanarbitrarilyselecteZEvalueof s/c whichcorre-
spondstosomeparticulartangentialtrajectory.Itremainsto

.

.,
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establishthevaluesof CdR/24,R/RV,and ad fortheselectedvalue
of S/c.Actually,sincec!dR/24isa knownfunctionof R,the
problemreducestoa~~roximatingR/~ and ad attheairfoilsur-
face.

Evaluationof R/Rv atairfoilsurface:TOdetetineR/~
themethodofthisreportisbasedona graphicalsolutionutilizing
thehodographplane.Itisinthisconnectionthatthetrajectory
datafromthedifferentialanalyzerareplottedinthehodograph
planeinfigure8 foreachofthefiveairfoilcases.TO showthe
generalrelationofdropvelocitiestoairvelocities,thehodograph
ofairattheairfoilsurfaceisalsoshownfodeachcase.ItiS
interestingtonoteinfigure8 thatthevelocitycomponentsforall
drops,regardlessofthecombinationof $ and ~, canberepre-
sentedby onefairedcurve.2 Ofparticularinterest,however,isthe
factthatthehodographforthedrops,forbothupperandlowerair–
foilsurfaces,alwayspassesthroughthepointL+@ = cosa,
‘d~ = sina. Thus,inthesimplestcaseofanairfoilatzero
sngleofattack,thehodograyhofthedropsalwayspassesthrough
anabscissavalueofunitybecausethfspointcorrespondsphysically
tothepointofmaximumairfoilthicknesswherestraight-linetan-
gentialtra~ectoriesalwaysimpingeupontheairfoilwithfree-stream
airvelocity.Thecoordinatesattheoriginoftheairanddrop
holographscorrespondphysically,ofcourse,totheairfoilstag–
nationpoint.

Toshowtheconnectionbetweentheresultsofthetrajectory
dataforthefiveairfoilcasesandthecaseofanarbitraryairfoil,
figure9 is~resented.Figure9(a)depictsseveralwater+l.rop
tra~ectoriesinthephysicalplaneimpingingtangentiallyatthe
samepoints/c onanairfoilwhichisa-tanangleofattacka.
Thesetrajectories,forpurposes,ofex@.anation,maybeassumedto
correspondtovariouspointsona lineofconstants/c infigure7.
Accordingly,thereisaninfinitenumberofparticularcotiinations

2
An inspectionoffigure8(e)will.showthat,fortheuppersurface
oftheNACA65@15 airfoil,thecurvewasnotfairedthroughall
thedatapoints.Thereasonisthatthevelocitycomponentsfor
someofthedatapointswereinerror.Thiscanbeshownbynotti
thateverydatapetitwillnotfallona lineconnectingtheorigin
anda pointontheairhodographhavingthesame s/c valueasthe
datapoint.Eachdatapointmustlieon sucha linebecausethe
slo~eofa trajectorytangentialtotheairfoilatsome s/c -posi-
tionandtheslopeoftheairfoilatthesame s/c positionare
equal.Thedatapointsinfigure8(e)consideredtobe inconsistent
withthiscriterionsredesignatedwithtagmarksandarenot
heavilyrelieduponforestablishingthedrophodograph.

-.
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of y and RV whichareaffinetoanyparticularpositionoftan-
gentialdropimpingement(s/c)t.Infigure9(a),a singlevector
representingthedropvelocityforallthetrajectoriesisdrawn
tangentiallytotheairfoilatthepointofdropimpingement.Only
onevectorisshownbecausethetangentialtrajectoryholographs
presentedinfigure8 indicatethatalldropsimpingingtangentially
ata commonpointmaybeconsideredtohavethesamevelocity.Also
showninfigure9(a)isa vectorrepresentingtheairvelocityat
thepointofimptigementforthetrajectories.Theanglebetween
thehop-andair-velocityvectorsandthe x axisisdesignatedby
theangle19.Infigure9(b),a typicalairanddrophodographis
shownandthesamevectorsasshowninthephysicalplaneareindi–
cated.Itshouldbenotedthatthedifferenceinlengthofairand
dropvectorsata particulars/cpositionisnumericallyequalto
thevalueof R/RV givenbyequation(3).

As canbeseenfromfigure8,allfiveairfoilsexhibitthesame
characteristicinregardtothesingle-valuednatureoftheterm
R/Rp withchordwisePositionj and it willbeassumedthatallother.
airfoilswilldisplaythesamecharacteristic.However,inorderto
calculatevaluesof R/Rv foranarbitraryairfoil,bothholographs
oftheairandofthetangentialtrajectoriesarerequired.The *‘—
hodogaphoftheairvelocityattheairfoilsurfaceiseasily
obtainedfromthevelocitydistributionovertheatifoil,butthe
shapeofthehodographforthetangential-trajectoriesismoredif-

.—
M“

ficulttoobtain.Thisisbecausethedataoffigure8 yieldonly
theinformationthatthetangential-trajectoryhodographalwayswill
passthroughthepointudfi= O,vdfi= O andthepoint-”
ud/V= cosa,v~ = sina. .—

Withtwopointsonthetrajectoryhodographalwaysknown,itwas -
concludedthat,ifonemorepointcouldbeestablished,preferably
wherethevertical-velocitycomponentireachesthemaximumvalue,
thegeneralshapeofthetrajectoryhodographwouldbe“reasonably
ascertainable.Itwasnotedfromtheholographsinfigure8 that
peakvaluesof va/V andvd/Vwereatnetirlythesamelocationon
theairfoilsurface.Thatis,values-ofva- /V and v~/V
nearlyalwaysfallona straightlinethroughtheorigin,andit
remainstodeterminejustiwhereonthelinethevalueof vd-/V

.“

—

willfall.Inthisconnection,itwasdecidedtocompare,forthe
fiveairfoilcases,valuesoftheverticalcomponentofrelative
velocitybetweendropandah attainedatthepositionofmaximum
verticalairvelocity.Accordingly,valuesof (Vamxfi)-&dmxfi)~d
vau/V wereobtainedfromfigure8 andtheseareplottedin ...

figure10. An inspectionofthedatainfigure10showsthatthe
fourJoukowskiairfoilcasesprovidedatasufficienttoestablisha

.
r“

relationbetween’(v~/~ -(v~/V) andV%xfi; buttoolittle
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.

w

informationisavailablefortheNACA65-seriessectionstofirmly
establisha relationbetween(v~/~ ‘(vdm/~ad ‘~b”
Thepointplottedinfigure10fortheNACA652-015airfoilupper
surfacedoesnotlieonthecurveestablishedbytheJoukowskiair-
foildata,anda questionarisesastowhetherthisdifferenceis
realorduetoa possibleimproperfairinginfigure8(e)ofthe
upper-surfacedrophodograph.Whilethisquestioncannotberesolved
untilfurtherdataareavailable,qualitativelyitwouldseemthat
thedropvelocitiesshouldtendtoapproachmorenearlytheair
velocitiesinthecaseoflow+iragairfoilsbecausetheseshapes
arenotsoconducivetoabruptlyalteringthepathsofwaterdrops.

To showhowfigure10canbeusedasanaidintheconstruction
ofthedrophodographforanairfoilofarbitraryprofileand
attitude,figure11.ispresented.Theprocedureisfirsttodraw
theairholographandestablishv%x/V. Then,themaximumvertical ‘“”
velocityofthetangential-trajectoryhodogaphisdeterminedas

~/V bytheamount(v%x/V)-(v%/V)inbeinglessthanv

accordancewiththecurveinfigure10. Thevalueof V%fi so

determinedisassumedtolieona straightlineconnectingthe
origin~d va /V. Thepositionof v%/V alongtheradialline

determinesthevalueof (R/%v)v atthatparticularposition.

Valuesof R~v forothers/c positionsaretaken,asa first
approximation,asbeinginthesameratiototheairvelocityatthe
particulars/c positionasthevalueof RIRV at v~/v isto

Us/V atv~/V (curveA tifigureId.).Valuesof Rfiv calck
latedinthismannerusuallyaretoolargenearthepoint
~/V = cosa,vd~v= sina (pointX,figure11),sothata drop
hodographsoconstructedwouldprobablynotpassthroughthispoint
asitshould.Toovercouthisdiscrepancyinthedrophodograph
ascomputedbya proportionbasedonthepeakpointoftheair
hodograph,a curvewithoutreflexisfairedtangentiallyintothe
proportionaldrophodographfromthepoint~/V = cosa,
vd/V= Stia. Thecombinationoftheproportionalcurveandthe
fairedcurvecomprisesthedrophodograph,whichislabeledcurveB
infigure11. Forthefiveairfoilcases,maximumdeviationsof
thedropholographsobtainedbytheforegoingmethodfromthedrop
holographsinfigure8 wereoftheorderof15percent.

—

Twoothermethodswereconsideredforestablishingdropbode
graphs.OnemethodassumedR/Rv tomaintaina constantvalueequal
tothevalueprevailingatthepointud/V= cosa,~d/V= sins.
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R/~
Theothermethodassumedtheratio

m
tomaintaina constant *

valuedeterminedbythevalueof R/RV e-ridUs/V atthepetit
udh = cosa>vdh = sha. Thedropholographsgivenbyeachof
thesetwomethodsalsoareshownfortheexampleinfigure11. The
curvesarelabeledC andD,respectively.Thesetwomethodshave
theadvantageof-notrequiringtheuseofthehodographandfig-
ure10;however,theyareconsiderablymoreinaccurate(maximum
deviationsfromthedropholographsforthefiveairfoilcasesbeing
intheorderof30percent)duetotheneglectoffactorsofapparent
influenceonthedroptrajectories.Useof%itheroneofithese
lattertwomethodsissuggestedforparticularairfoilcaseswhich
mighthappentofallbeyondthescopeofthedatapresentedinfig-
ure10.

Afterthetangential-trajectoryhodographhasbeenestablished
inrelationtothehodbgraphforair,valuesof R~v areavailable
forvariouschordwisepositionsontheairfoil.Thesevaluesareused
inequation(4)forarbitrarilyselectedv~luesof I@ and s/c.
Sincevaluesof Rv arearbitrarilyselected,valuesof R are
ascertainable.Furthermore,valUeSoftheterm,CdR/2hcanbecalcu-
latedbecauseCdR/24isa functionof R inaccordancewith
tableVI. Thus,tosolveequation(~),theonlyothertermtobe
svaluatediS ad.

Evaluationofthedrop-accelerationterm ad: Theremaining

termtobeevaluatedinequation(4)istheaccelerationofthedrop
attheairfoilsurfacead. Todeterminethevariationofthisterm
withchordwiseposition,valuesof ad werecalculatedfromthe
trajectorydatabyequation(4)foreachoftheairfoilcasespresented
intablesI throughV.Theprocedureusedinmakingthecalculations
wastocomputethevalueof R/Rv byutilizingvaluesofthe
orthogonaldrop+elocitycomponentsfromtablesI throughV for
correspondingvaluesof v and R i

T
Thetermwascalculablethrough

knowledge05 R/F@ and Rv.‘Theems R/Rv:c#/24,Rv,and * were
thenstistitutedintoequation(4)andsolvedfor ad. Theresults
of’thisprocedurearepresentedinfigure12foreachofthefive
airfoilcases.

An inspectionoffigurel.l?showsthatdropaccelerationatthe
surfaceoftheairfoil,likethehodographofdropvelocitiesfor
tangentiallyimpingingtrajectories,canbeconsidereda singlerela-
tionregardlessoftheconiblnationsof $ and Rv. Howthesingular
natureoftheaccelerationvaluesarisescanbeshownbyrewriting
equation(4)asfollows:

.

9

.— —

—

.
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ad= *(*)(;)’t
15

(5)

.

However,sincetheterm (R/%V)tistakentobe const~tfora
givenpositiononthesurface,equation(5)maybewritten

ad= (const)*Cd (6)

wheretheconstantdependsonthechordwisepositionandthevalue
of (R/Rv)tatthatposition.Thus,accordingtosquation(6),it
isapparentthat,ifthsproductof ~ and Cd remainsconstantfor
variousvaluesof Rv ata givenchordwiseposition,thenthevalue
of ad alsowLllrematiconstant.Hence,toshowtheconst=cyof
ad atvariouschordwisepositionsforvarious

T
values,products

of * and Cd werecalculatedforeveryconibinaionof $ and Rv
presentedintablesI throughV forthefiveairfoils.Theprocedure
usedwastoselecta valueof Rv andtoderiveCd byusingthe
tiue of (R/RV)tnotedonthehodographforthe s/c position
correspondingtotheparticularRv valuechosen.Theproductsof
~d’ werecomparedwithother~d productscorrespondingtothe
s- physicalpointontheairfoil;buttheselatterproductswere
calculatedbyusingvaluesof v obtainedfroma plotofthetab~
latedvaluesof * and s/c forvariousvaluesof Rv. This
procedurewasadoptedinordertoobtainproductscorrespondingto
farthestpositionsofimpingementnotgivendirectlyintablesI
throughV. ComparisonsoftheproductsaremadeintablesVII
throughXI. Thesecomparisonsshowthat,fora givens/c position,
theproductof ~ and Cd generallyisofthesameorderofmagni-
tudefora widerangeof ~ and Rv values,particularlyatthe
lowervaluesof s/c.Therefore,theassumptionthat ad isCO*
stantfora particularchordwisepositionseemsfairlywelljustified.

Theproblemofevaluatingdropaccelerationnowhasbeen
reducedtofinding,fora nmiberof s/c positionsontheairfoil,
a valueof ad whichcorrespondstoeach s/c valuechosen.

Inapproximatingthedropaccelerationata pointwherethe
droptrajectoryistangenttotheairfoil.surface,severalpro-
ceduresarepossible,aswasthecasewiththetermRfiv.Ofthe
variousproceduresinvestigated,theonewhichwillbepresented
hereinisconsideredmostacceptablebecausetheresultantaccuracy
iscommensuratewiththatproducedbythemostaccurateprocedure
presentedforobtainingR&. Inaddition,theprocedureissimple
inapplication.l?orthisprocedure,theapproximationismadethat
thetangentialaccelerationofa dropata givenpointonthesurface
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isthesameasthe~accelerationoftheairalongtheairfoilsurface
atthesamepoint. Theequationusedtoexpressthedropacceler-
atim intermsofairvelocityattheairfoilsurfaceis:

.ULAXd(ua/v)ad ~ - (7)

Thevelocitygradientterminequation(7)canbeevaluatedsimply
byplottingUs/V againsts/c,andobtainingtheslopeofthe
resultingcurveatthedesireds/c positions.

Resultsobtainedbyusingequation(7)toapproximatevalues -
of ad forthefiveairfoilcasesareshowninfigure12where
thecalculatedpointvaluesaredenotedby squaresynibols.Itwill.
benotedthatequation(7)appearstoprovidegoodresultsforthe
_trical Joukowskiairfoilcase(fig.X2(a)),andovermostof
thelowersurfaceofeachoftheotherfourairfoilcases(figs.K?(b),

[
12(c),1.2d),and12(e)).Fortheselatterfourairfoilcases,
equation7)providesupper-surfacedrop+ccelerationvaluestoward
theleadingedgeoftheairfoilwhichappearingoodagreementwith
thetrajectorydata;butfartheraft,theabilityofequation(7)-
topredictappropriatevaluesdiminishesappreciably,particularly
fortheJoukowskiandNACA652+15airfoilsat4°angleofattack
(figs.12c)and12(e)).

[
Intheseinstances,theinebilityof

equation7)toyielddropaccelerationvaluesfairlyferafton
theairfoilsurfaceapparentlyisbecausethedropsimpingingh
thisregionhavesufficientlylargeinertiasoasnottorespondto
theveryrapidchangesinsurfac~irvelocitiesprevailingnear
thepositionofmaximumairvelocity.Exceptquiteneartheleadimg
edge,thetrajectoriesarefairlystraight,indicatingthatthe
@@3@ drOPSdonotrespondappreci.ablytotheverticalcomponents
ofairvelocity.Thus,itseemedthata suitablerepresentationof
dropaccelerationforthecaseofanairfoilwitha velocitypeak
locatedneartheleadimgedgemightbe obtainedbyassumingthatthe

3
Onlythetangentialcomponentofdropaccelerationneedstobe
approximatedsincethenormalcomponentofdropaccelerationca–.
be showntobeequaltozeroatthepointofdropimpingement
fortangential.trajectories.Thatthenormalaccelerationofthe
dropiszeroatthepointofimpinge~ntcanbeshownbywriting
theequationsexpressingdynamicequilibriumofa drop.Theterms
involvingthedropandairvelocitiesareresolvednormallyand
tangentially.A s~atitwtionoftheboundaryconditionsatthe
pointofimphgemmtshowsthatthenormalaccelerationmustequal
zeroatthispoint.

“

v
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dropaccelerationwasinfluencedmostlybythe x componentsofair
velocity.h equation(7),thenUs/V wouldbereplacedby ~/V
sothat

~ d(~/V)
ad=~x

m
(8)

Equation(8)wasusedtocalculateadditionaldropacceleration
valuesfortheuppersurfacesoftheairfoilspresentedinfigure12
andtheresultsobtainedarecomparedinthesefigureswithdrop
accelerationvaluesgivenby thetrajectorydata.Thepointscalc~
latedbyequation(8)areshownastrianglesinfigure12,and
representa goodapproximationoftheuppersurfacead values
fairlyfexaftonthesesurfaces.

Thequestionarisesastowhetheritwouldbepossibleinthe
generalcase,$&m thedifferentialanalyzerdatapointsshownin
figure1.2werenotpresent,todetecttheinadequacyofequation(7)

I torepresentthecorrectvaluesof ad. W thisconnectionitshould
benotedthatthepointonthecurvefor ad= O canalwaysbe
selectedbecausethispetitcorrespondstothechordwisepositionof
thetangentiallyimpingingstraighl+linetrajectoryhavingthe
maximums/c intercept.Thisparticulartrajectorycanalwaysbe
establishedby constructinga linetangenttotheuppersurfaceof
theairfoilandparalleltothefree-streamvelocity.Withthis
pointlocateditwouldbequiteevidentthatthesqwe datapoints
(equation(7))infigure1.2(e),forinstance,couldnotrepresent
thecorrectcurve,andthatequation(8)shouldbeusedtoobtati
additionalpointstoprovidea reasonableguide.Thetechnique
offairinga curve,throughcalculatedao~ccelerationvalues,
toa valueofzeroaccelerationattheextremepositimofdrop
@@ement canbeusedalsoforthelowersurfaceofairfoils;but
thetechniquecanbeappliedonlyinthoseinstanceswherethe
airfoilangleofattackissufficientlylowtopermita straight-
linetrajectorytohpingetangentiallyatsomepointontheairfoil
surface.

Summaryofcalculationofscalemodulus~ : Thetwopreceding
subsectionshaveshownhowthetermsinequation(4)canbeevaluated
toobtainvaluesof ~ forselectedRv valuesatchosenpositions
ontheairfoilsurface.However,a specialprocedureforevaluating
~ atthestagnationpointisnecessary,sinceequation(4)cannot
beusedtoevaluatethescalemodulusatorverynearthestagnation
point. Thisprocedureismoresuitablydiscussedinconnectionwith
thesectiononrateofimpingementwhichfollows.
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Fora furtherverificationofthecalculationof‘scalemodulus,
appendixA includesa comparisonofresultsofempiricalcalculations
offarthestpositionofimpingenmntwithresultsobtainedfromformal
solutionsofthetrajectoryequationsforfiveairfoils.

Generalizationh regardtorateofimpingement.- Another
quantityofinteresttothedesignerofanaircraftthermal-ice-
preventicmsystemisrateofdropimpingementonanairfoil.An
expressionforwetghtrateofdropImpingement
span,accordingtoreference7,isgivenby

MS = 3600vllk5Yot1

peruuitlengthof

(9)

Inordertoevaluatetherateofimpinge~nt~, theterm
Not: mustbe known. Whenm?thodslikethoseofreferences3,5,and
6 areemployed,AY~: canbedetermineddirectlyfromthecalculated
trajectorieswhichimpingetangentiallyupontheairfoil.Foran ,
empiricalprocedurewherenotrajectoriesareavailable,however,
determinationof *O t mustbebaseduponquantitieswhichare
lmown.Precedingsec~ionshaveshownthat (s/c)% and (s/c)Ztcan
beestablishedasa functionof * forHiOUs valuesof Rv;
hence,theairfoilordinatescorrespondingtothefarthestposition
ofdropinq?ingementontheupperandlowersurfacesy

% - Yzt
alsocanbeascertainedasa functionof $ forvariousvaluesof
RV Becausevaluesof y

% - Yzt canbe obtainedreadilyfora
widerangeof $ andRv values,thedatawereexaminedfora
relationshipinvolvingmot (forsmallanglesofattack,sot
isapproximatelyequalto &ott)andthequantityy~-y~t which
willbe calledAyt. Inthisregard,& wascomparedto &t
overtherangeof ~ and Rv valuespre%ted intablesI through
V forthefiveairfoilcases.Theresultsareshowninfigure13.

An inspectionoffigure13showsthat;foreachairfoil,the
ratioof Ayot to Ayt canbe consideredlinearwithrespecttothe
logofthescalemodulus$ forvariousRv values.Thelinearity
existsforvaluesof (&o/&~ < 0.8fortheUoukowskiairfoils,
anda valueof (&o/Ay)t~ 0.9 fortheNACA6~+15 airfoil;but
thislinearityappearstobe characteristiconlyofairfoilsas
cylinderdatafromreference6,whenplottedinthesamemarmer,do
notshowthisproperty.Infigures13(c)and(e),therationotice-
ablyexceedsunity,thereasonbeimgthattheprojectedfrontal
heighth (equalto Ayotlforthelimitingcaseofstraight-llne
trajectories)exceedsthe airfoilmaximumthicknesswhentheairfoil

.

,.

.

u
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anQe ofattackisotherthanzero.Of specialinterestinfigure13,
however,isthefactthattheratio(Ayo/Ay)tmustbecouzeroat
someparticularvalueof W fora givenvalueof Rv. This
“critical”valueof * canbe calculatedfromanaerodynamicprop-
ertyoftheairfoil.Accordingtoreference62forsymmtricalbodies
atzeroangleofattack,thecriticalvalueof * (i.e.,values
greaterthanthatforwhichnodropsimpingeonthebody)isgivenby

(lo)

Forsymmetrical
metricalbodies

bodiesatanattitudeotherthan0°,orforunsyn+
atanarbitraryattitude,thes= formofequation

(10)applies,butwiththenotationslightlyaltered,thus

. (U)

Thischangeismadebecausethesmalldropwhichjustiqpingesat
thestagnationpointoftheairfoilcloselyfollowsthestagnation
streamlinewhich,inthegeneralcase,isnota straightline.For
simplicity,though,equation(n) shallbewritten

(12)

I!nordertouseequatim(I-2),theproblempresentsitselfof
assigninga valueof (?forthecaseofanaribtraryairfoil.
Fortunately,theproblemisrelievedbythefactthattheanswers
sought,s/c endE,areeffectedonlyina minorwaybyvariations
tiG.4Thus,itwasbelievedthatfordeterminingG theairfoil
couldbereplacedbya shapemore-able tocalculation.ItWM
assumedthata symmetricalJoukowskiairfoilwouldberepresentative
ofthattypesectianhavingmaximumthicknessfairlywellforward,
=d anellipserepresentativeofthattypesectionhavingmaximum
thiclmesswellaft(low+lragairfoils).Sincethemjorfactors
influencingthevalueof G arethicknessandangleofattack, “

~Cakulatimshaveshownthatnegligiblechmgesin s c and X are
incurredfora chmgein G aslargeas10percent.
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calculationsof G weremadefora symmetricalJoukowskiairfoil
andanellipseofdifferentthicknessandliftcoefficients.5The
resultsof’thesecalculationsarepresentedinfigure14. Thedata
inlk(a)areintendedforusewithairfoilsresexiblingJoukowskiam
foils,andmy beuseddirectly.Thedatah figurelk(b)are
intendedforusewithlowdragprofiles;however,itisfirstneces-
sarytoestablishan‘*equivalentellipse”thicknessratioforthe
l-ag sectionbeingused.Anequivalente3JJpseisdefinedfor
thepurposesoffigurelh(b)asanellipsehavingitsleading-edge
radiusequaltotheleading-edgeradiusoftheairfoil,ad a thick-
nessequaltotheatrfoilmaximumthickness.Themajoraxisofthe
ellipseisthusest&d.ished,andtheellipsethicknessratiocanbe
computed.Anequationexpressingthethicknessratiooftheequiv-
alentellipseinternsoftheairfoilleadin&dgeradiusandthick-
nessratiois:

te=+
Itax

(13)

Withtheaidoffigure14,thevalueof vcr fora largenuuiber
ofairfoilscanbeestimatedforany Rv valueh accordancewith
equation(12).Notonlydoesthisvaluecorrespondtothecondition
ofzerorateofimpingement,butitcorrespondstothecondition
ofzeroareaofim@ngement.Hence,thecriticalvalueof v canbe
usedforobtatiinganadditionalpointfor&ea ofimpingement
computations,audthisva+ewillcorrespondtothe s/c valueat
thestagmtionpoint.

./

Whiletheconditionofnodropsimpingingontheatifoilsurface
yieldsonepointonthecurves,(4Yo/.)tversuslog *, at
leastonemorepointisrequiredforeachvalueof RV Luorderto
establishthelinearrelationshipsobservedinfigure13. Tolocate
a secondpointonanisoplethof

%
itisdestiabletodetermine

a valueof * correspondingtoa c &3envalueof (&o/&)t somewhat
lessthanunity.Thereasonforthisspecificationistoprocurea
spreadinthevaluesof (Ay/&)t usedtoestablishthelinear
relationshipsbetween(z$yo/&)tandlog $,forisoplethsofI+
which.werenotedInfigure13.

‘Noaccountistakenoftheeffectofa camberedprofileonthe
velocitygratientG. Thereasonforthisisthattestswithan
electrolytictanlhaveshownthattheeffeotsofcamberarevery
smallIncomparisonwiththeeffectsofthickness,andcalculations
haveshownthatonlylargevariaticmsin G areimportantin
affeothgthevaluesof s/c and E. - .
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Indevelopinga procedurefordetermini
7

whatvalueof *
isassociatedwitha specifiedvalueof (AyoAy)t onanisoplethof
Rv,thedatafromthefivqairfoil.caseswereexaminedforvalues
ofsomeparameter,relatedto (s/c)U and (s/c)Z+,whichcould
beusedtofixthevalueof ~. The~arameterused’tosupp~the
necessaryvalueswastheefficiencyofdropimpingementE. Therela-
tionshipbetweenE and (Ayo/Ay)tiSgivenby

E‘(w%) (14) .

Equation(14)canbederivedbystartingfromthedefinitionof E
intermsoftheinitialdroptrajectoryordinates

(15)

At thesmallanglesofattackassociatedwithmostflightconditions,
h inequation(15)canbereplacedbyt- and &yot:by Ayot
sothat

&ot ‘Et= (16)

Then,ifbothsidesofequation(16)aredividedby Ayt andtheterms
rearranged,equation(14)isobtained.

Thetrajectorydataforthefiveairfoilcases~ovided,fordif-
ferentvaluesof ~, relativelyconstantvaluesof ‘E correspond-
ingtoa valueofe (4?o/Ay)t= 0.8.Theseefficiencyvalueswere

aTheprocedureutilizedwastodeterminefromcurvesof (&o/Ly)t,
asa functionof ~ (fig.13),thevalueof ~ atwhich
(mO/&)*= 0.8fordifferentvaluesof RV. Then,datafromtablesI
throughVwereusedtoestablishcurvesof E asa f’unctionof $
forthesamevaluesof R . Ontheefficiencycurves,thevalueof E
correspondingto (Ayo/&Yt= 0.8 fora particularvalueof Rv
couldbedeterminedbylocating,forthesam Rv value,thevalueof

t
whichwasestablishedfromcurvesoffigure13tocorrespondto

&o/&)t = 0.8.



22 I?ACATN2476

usedtoobtainanaverageefficiencyvalueforeachairfoilcase.
Then,byusingequation(14),anaverageValueof Ayt/tmx could
be computedforeachairfoilcasebyusingtheaverageefficiency
valuesanda valueof (AYo/@t =0.8. Theresultsare-presented
inthefollowingtable:

Case
Utmibel

I

11

111

IV

v

Efficiencyofimpinge~nt,E (percent)

16 32 64

.- 77.5 --

76.0 -- 74.5

72.0 -- 73.0

EL_E

}

77.0-- 75.5

-“ 75.5 --

-- 72.0 --

-- 86.0 --

-- 56.5 --

1024

--

77.5

70.5

82.0

53.0

2048

78.0

-—

--

--

--

Average
Va,u .pOr‘:
eachcase

77.0 0.963

75.8 .948

71.8 .898

81.7 1.022

56,4 ●705

‘Thevaluesof Z$yt/~xtabulatedintheprecedingtableexhibit
mme variationbetweenairfoilcases,andfigure15ispresentedto
showthisvariationwhen&t/~x isassumedtobea functiononlyof
angleofattack.Infigure15,a curveispresentedfortheJoukowski
airfoils,butnotfor& NAti-652+15airf&lbecausethetra~ectory

—

dataprovidesonlyonepoint.Untiladditionalinformationisavail-
ableonthevariationof &t/~x withangleofattack,itisrecom-
mendedthatthevariationshowninfigure15beused.ItIspossible,
then,todetermine,fora givenvalueofi~, anapproximatevalueof
$ atwhich(@o/Ay)t=0.8. Theyrooedurewhichmaybeusedfor
determiningthisvalueof ~ isshowngraphicallyinfigure16. l?rom
curvesof (s/c)%and (s/c)tt as a functionoflog $ fora

.

specifiedvalueof

functionoflog*
(f’ig.16(b)).For
valueof &t/%x
tioninfigure15correspondingtotheairfoilangleofattack.This
particularvalueof @t/~x correspondstothe $ valueatwhich
(AYo/AY)t= 0.8’fortheparticular~ valuechosen(fig.16(c)),
andthesecondpointonanisoplethof RV for (&o/Ay)tasa
functionof log$ istherebydetermined.

F+ (fig.16(a)),curvesof y%andyl asa
t

areestablishedforthesamevalueof ~
therel.ati.onshownbyfigure16(b),thereisa
whichisthesameastheonechosenfromtherela-
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Thepreviousdiscussionhassh~how ~aluesof mot ~Ybe
obtainedforvarious~ ~d RV values-H~ever~~ thedesiw
ofa thermalice-protectionsystem,bythemethoddiscussedh
reference1,itissometimesmoreconvenienttodeter- therateof
water+ropimpingementbyusingtheairfoilcollectionefficiencyE
ratherthanbyusingthetermAyot~.Insuchcircumstances,
equation(9)becomes

Ms = 3600VmEt-

whereinE isgivenbyequation(14).Whenequation(14)isusedsmd
theangleofattackisotherthanzero,thelimitefficiencyvalue
correspondingtostraight-linetra~ectorieswillbe @eaterthanunity
becauseh usuallyissomewhatgreaterthan ~.

AppendixA ticludesa comparisonofresultsofcalculationsof
efficiencyofimpinge?mmtbytheempiricalmethodofthisreportwith
resultsobtainedfromformalsolutionsofthetrajectoryequationsfor
thefiveairfoilcases.

Generalizationinregardtodistributionof ingenm.t.-Of
secondaryimportanceinthedesignofheatedwingsisthedistribution
ofwater+lropi.mpingemmtoverthelengthofinterceptionalongthe
airfoilsurface.However,knowledgeofdistributionofwaterdrops
overanatifoilissometksquiteusefuland,therefore,a discussion
ofthesubjectisbelievedworthwhile.

Anexaminationofthetrajectorydatadidnotrevealanydirect
waytoobtainanemptiicalfunctionalrelationbetweenimpingement
distribution,scalemodulus,audfree-stream-dropReynoldsnumber.
Therefore,a graphicalconstructionwasresortedtoinordertoapprox-
imatethedistributionofdropimpingemmtoveranairfoilsurface.
Thata graphicalprocedurecouldbeusedinthismannerwasfoundby
examiningplotsoftheconcentrationfactor7C asa functionof S/C
forVariOUSconibi+ationsof y ad Rv. ~ical v~iationsofthese
factorsarepresentedinfigure17calculatedfromdataforthefive
airfoilcases.Foreachoftheairfoilcasespresentedinfigure17,
twocurvesrepresentedby solidlinesareshown.Onecurveistypical
forcotihationsof # and ~ correspondingtocurvedtrajectories,
andtheothercurveistypicalforthecoribinationof w and Rv
correspondingtostraight-linetrajectories($+,valueof RV
arbitrary).Thecurvefor @O isobtainedbydrawinga nuniberof
straight-linetrajectoriestotheairfoiltoobtativaluesofthe
concentrationfactor>C = dAo/dAs,andrepresentsthelocusof
maximumpossiblevaluesof C. Thiscurve,whichwillbereferredto
asa limitcurve,canalwaysbeobtainedfora givenairfoilbecause
7TheuseoftheconcentrationfactorC inthecomputationofheat
requirementduetodropimpingemmtisdiscussedinreference1.
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trajectoriescanalwaysbereproduced,butthecurvesfor
lessthanmaximumcannotbeobtainedbecausetheshapes
trajectoriescorrespondingtothesevaluescannotbe

determined.Becauseoftheshapeofthe C distributioncurvesnoted
forthefiveairfoilcasesinfigure17,a trla.ngulardistribution
hasbeenfoundusefultorepresentapproximatelythedistribution
curvesforcurvedtrajectories.Ifa trhngulardistributionis
assured}asshownbya dashedlineforeachoftheairfoilcases,in
figure17,thefollowingequationmaybewrittenforthemaximumvalue
of C onthetriangulardistribution:

b

fromwhich

(17)

Thedenominatorofequation(17)canbeevaluatedfromthecurvesof
farthestpositionsoftangential.dropimpingement.Thenunk?ratormay
beevaluatedfromtheequation

J‘%C!ds=Eh
%t

sothat

Thattherelationexpressedinequation(18)
byrecallingfromequations(9)and(15)thatthe
dropimpingementonanairfoilmaybewrittenas

M8= 3600VmEh

(18)

(19)

existscanbesh~
totalweightrateof

(20)

Equation(20)mayalsobewrittenasthesummation,betweenthefarthest
positionsofimpingement,ofthelocalweightratesofimpinge=ntper
unitsurfacearea,thus

.

P
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.

According\oreference1,

where

By substitutionofthevalue
equation(21),theresultis

Ms =

Then,by comparingequations
obtained.

Js%“
~ inequation

~ = 3600vmC

c = dllo[tis

25

(21)

(21)canbeexpressedby

(22)

of ~ fromequation(22)into
obtatidthat

3600m
1’
‘% C(%S

Szt

(2o)and(24),equation(18)canbe

(23)

(24)

Useofequation(19)permitsthecalculationof Cm fora
triangulardistributionbecauseallthetermsoftheright-handmeniber
areknown.Thevalueof Cm istakentobe ona lineconnectingthe
pointsC=l.0,s/c=O,andC=O,and s/c forthestagmtionpoint.
Thereasonforthisassumptionisthattheverylargedropsarevery
littledeviatedfromtheirpaths,andtheverysndldropstendto
followthestagnationstreamline.

Thevalueof Cm obtainedfromequation(19)alwayswillbelow.
However,ifthetriangularapproximationisalteredto’correspondmore
nearlytotheshapeofthelimitcurveforthe C values,while
retainingtheenclosedareathesameasthetriangularsrea,more
accurateconcentration-factorvaluescanbe obtained.Thealtertig
ofthecurveisanattempttoestablishthelocusofconcentratio~
factorvaluesasitwouldbe givenbydataobtainedforcalculated
trajectories.

Generalizationinregardtocalculatingexeaandefficiencyof
impingementathighstisonicspeeds.-Withtheadventofairplanesin
the500to600milesperhourspeedrange,considerabletiteresthas
beenshownintheeffectswhichcompressibilitymayhaveonareaand
rateofdropimpingement.
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Thedifferentialanalyzercomputationsforthefiveairfoilcases
ofthisstudyweremadetoencompassairspeedsuptoabout350miles
perhouronthebasisthatanyeffectsofcompressibilitycouldbe
neglected.Consequently,nocorrectirmstothevelocityfieldwere
introducedforanyoftheairfoilstoaccountforcompressibility.
However,forhigherspeeds,theeffectsofcompressibilitywouldbe
expectedtobecomemorepronouncedandso~ methodoftakingcompressi-
bilityintoaccountshouldbe considered.

Theeffectsofco~ressibilit~Incompressibleflwbelow
thecriticalMachnuuiber,streamlinesata largedistanceforwardof
theairfoilhavenearlythesaw shapeasforincompressibleflow.
Nearertheairfdl,deviationsofthecompressibleflowstreamlines
fromtheincompressibleflowstreamlinesaregreater(reference8).
Thus,incompressibleflow,dropsmaybeconsideredtostartat
infinityatthesameinitialconditionsastheywouldforincompres-
sibleflow,butterminateontheairfoilsurfaceatvelocities
governedbythelocalcompressible-flowsurface-airvelocities.
Thesevelocitiesare,ingeneral,higherthemcorrespondingincompress-
ible-flowvelocities;therefore,compressibilitymayhavesome
effectonfarthestpositionandefficiencyofdrophpingemnt.

Ifitispresumedthatdropsincompressibleflowreacttoa
changeinsurface+irvelocities(duetochangesinflowfield
arisingfromcompressibility)inmuchthesaM namerasdropsreact
tochangesinflowfieldcausedbya changeinairfoilbasicthick-
ness,loaddistribution,orangleofattack,thesamegeneral
procedureusedtocalculatefarthestpositionandrateofimpinge~nt
forincompressibleflowcanbeappliedtothecalculationsfor
compressibleflow. —

Toobtatitheah?hodographforcompressibleflowwhenexperi-
mentaldataaxenotavailable,theequation

/()[
1

12

u 1-(1+ o.7025FCpM)0=s=
J& 1+’v M=L (25)

0.2025M$

(takenfromreference9)maybeusedtoevaluatethemagnitudeof-the
velocityvectors.
canbe calculated

Thepressurecoefficient,C ,
%

inequation(25)
usingtheFrandtl-Glauerteqm ion

Cp =:XCP
M~
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where

27

and Cp isthepressurecoefficientata pointontheairfoilsurface
whentheflowisincompressible.ThepressurecoefficientCP is
relatedtothesurface-airvelocityatthesamepointonthesurface
bytheequation

()Ua 2
Cp =L-y (26)

Valuesof Us/V usedinequation(26)tocalculatevariousvaluesof
Cparethesameasthoseused-toestablishtheairhodographfor
incompressibleflow.

Effectofcompressibilityonthefarthestpositionandeffi-
ciencyofdrop Becauseofincompressible-flowhodo-
graphisalteredtoanothershapeforcompressibleflow,thedrop
hodographelsowillbemodified,utilizingtheproceduredeveloped
fortheincompressiblecase.Thechangesinthedropandairhod~
graphsinturnalterthevaluesof ad ad (R~)t atpointsalong
theairfoil.surface.Accordingtoequation(4),if-C~eS ti ad
andtheproduct(R&)t (CdR/24)arenotproportionate,thescale
moduluswill.bealteredforgiven(s/c)tand Rv values.To show
theeffectofcompressibilityonthescalemodulus,somecalculations
offarthestpositionandefficiencyofdropimpingementweremadefor
the~ercent-thickJoukowskiairfoilatzeroliftand M=O.6(which
isnearthecriticalvalue).A valueof RV=225waschosenforthe
calculations(430mph,15,000ft,0°F, anddropdiameterof25
microns).Theresultsofthesecomputationsarecomparedin
figure18withempiricalresultsforincompressibleflow.Figure
18(a),whichpresentsthefarthestpositionofdropimpingementas
a functionofscalemodulus,showsthatthescalemodulushasbeen
increasedslightlyovermostoftherangein (s/c)tfortheisopleth
of Rv chosen.Thisresultisequivalenttothefarthestposition
ofimpingementbeingincreasedfromthevalueof (s/c)tcorre-
spondingtothesame$ and Rv valueinincompressibleflow.For
theconditionschosen,theincreaseh farthestpositionofimpinge
mentissmall.and,formostpracticalpurposes,maybeneglected.
Figure18(b)showsthatcompressibilityalsoslightlyincreases
impingementefficiency.Thisresultcanbeexplainedbyequation(14)
whichindicatesthatincreasesin E areeffectedby increasesin
eitherthevalueof (Ay/Ay)tor Ayt,orboth.

t
Increasesinthe

valuesofbothoftheseerms,forgiven$ and Rv values,occur

,
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forincreasedvaluesoffarthestpositionofimpingement,andhence
impingementefficiencyisincreased.Theincreaseinefficiencydue
tocompressibilityforthesameairfoilalsoissmalland,likethe
increasesb farthestpositionofdropimpingement,maybeneglected
formostpracticalpurposes.Itshouldbenoted,though,thatthe
computationsforfarthestpositionandefficiencyofimpingement
weremadefora relativelylowMachnumber(0.6),andthatsomewhat
Larger.changestnbothparametersforgiven~ and R

%
valuesmay

bepossibleforairfoilshavingappreciablyhighercriicalMach
nunbers.However,itissuggestedthattheempiricalmethodas -
appliedtocompressibleflownotbeusedforahfoilsectionshaving
-highcriticalMachnumbers(0.9)inviewofthefactthatnodata
existforgivingvaliditytotheextrapolationofthemethodofthis
reporttocompressibleflow.

PROCEDUREFCIRUSINGTHEMETEODTO CALC!UL4T!E
RATE,ANDDISTRIBUTIONOFWATER+DROP
IMPINGEMENTONANARBITRARYAIRTOIL

AREA,

Previoussectionshaveshownhowtheempiricalmethodofthis
reportmaybeappliedtodeterminearea,rate,anddistributionof
impingementforanarbitraryairfoilineitherincompressibleor
compressibleflow.Theproceduretobefollowedinusingthemethod
willnowbeexplainedbymans ofanexampleofthecomputationsin
thecaseof-anNACA23015airfoil,Inincompressibleflow,at CZ=0.5,
Thedetailedcomputationprocedureinthisexampleisarrangedina
formbelievedtobemostreadilyusable;andthevariousphasesofthe
computationsarepresentedina step=wisemanner,eachphaseconsisting
ofseveraloperationsforeaseinfollowingtheprocedure.The
procedureforcompressibleflowisnearlythesameasforincompressible
flow,hence,onlytheprocedureforincompressibleflowisillustrated.
However,wheredifferencesinprocedurewouldoccurforthecaseof
compressibleflow,thesearenoted.

Areaof-Impingement

Theprocedureforcalculatingareaofimpingementconsistspri-
marilyindeterminingvaluesof (s/c)utand (s/c)zt.Thefollowing
stepsexplainhowtheempiricalrelationsderivedfrotithetra~ectory
dataareusedtodeterminethesevalues,andfigure19incorporates
necessaryaccompanyinggraphicarelationships.

.

.
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Step1: Thefollowing
computationprocedure:

29

curvesareneededforuseduringthe

(a) A large-scaleplotofthe

(b) A plotof s/c versusx
surfaces(fig.19(b))

(c) A plotof k forvarious

(d) Chordwisedistributionof

airfoil(fig.19(a))

forbothupperandlower

x positions(fig.19(C))

incompressible-flowair
velocitiesovertheairfoilsurface(fig.19(d))

Step2: Constructionoftheairhodograph:

(a) Ona coordinatesystemusingverticalair-velocity
componentsasordinatesandhorizontalvelocitycomponents
asabscissas,measurevaluesofairvelocityasvectors
emanatingfromtheorigin.(Thesevaluesareobtainedfrom
thevelocitydistribution(fig.19(d))establishedin
stepl(d)).Theslopeofthevelocityvectorswithrespect
tothehorizontalaxisisdeterminedby theshape-factor
curveestablishedinstepl(c).Figure19(e)illustrates
thisstepfortheNACA23015airfoil.

(b) Connecttheendpointsofallvectorsnotingthatthe
envelopecurve(thehodograph)passesthroughtheorigin
forthephysicalcoordinatescorrespondingtothestagnation
point.Refertofigure19(e)forillustration.

(c) Forcompressibleflowovera straightwingbelowthe
orlticalMachnumber,computethevelocitiesfortheair
hodographfrom

/12

() [

1-(1+0.T025fiCpM)0“28s3
g =1+
PM o.2025F 1

Step3: Constructionofdrophodograph:

(a) Fromthehodographestablishedinstep2(b)
(incompressibleflow)orstep2(c)(compressibleflow),
notethemaximumvalueofverticalair-velocitycomponent
vti/V forbothupperandlowersurfaces.FortheNACA
23015airfoil,theairhodo~aphshowsthatvam~ for
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theuppersurfaceis0.m5 andforthelowersurface,0.39.

(b) UsingfigurelO,detezzninethevalueof &%x/V)-(v~,

2476

Jv)
forbothsurfaces.A subtractionof-(vamxfi)-& /v)fZOrn

?Va=fi willyieldtheverticallocationof V%x . Pro~ect
v~axfi horizontallyforeachsurfaceuntilItintersectstheray
connectingtheoriginand PamX/V.h thismanner,thevalue
of (@V)t correspondingto v

2
/Visdeterminedgraphically.

InthecaseoftheI?ACA23015ai ofl,(vamx~ -@~x/v) ‘or
theuppersurfaceis 0.245andforthelowersurface,OcO&lc
Thesevaluesaremeasuredfromtheairhodograph(fig.19(f))
toprovidevaluesof (R/~)tco~respondingtoupperapdlower
surfacevaluesof v

%3Xb.

(C) Estiblishthevectorpassingthroughtheoriginandinclined
withthehorizontalaxisatanangleequaltotheqirfoilangle
ofattack.ThelengthofthisvectorIsmadeequaltounity
(fig.lg(f)).

(d).Forbothairfoilsurfaces,establishenapproximate
tangential-trajectoryhodographwhichfollowstheequation

()Ud Ud uJv—=—
VT V%x x Km.v%x

(27)

Thehodographdeteminedbyequation(27)fortheupper
surfaceoftheNAC!A23015airfoilisdesignatedascurveA
infigure19(g)andascurveB forthelowersurface.When
equation(27)provides,foreithertheupperorlowersurface, ,
a drophodographwhichfailstopassthroughthepoint
~~ = cosa,vd~ = sina (point-X infi”g.19(g)),a curve
shouldbefairedfrompointX toconnecttangentiallywiththe
approximate--drophodographasdeterminedbyequation(27).
Intheexamplecase,neithertheuppernorlowersurface
dropholographslassesthroughpointX,andthereforecurves
arefairedfromthispointtotheapp.roximate.droyholographs.
Thefairedcurvesarel+beledC andDin figure19(g)forthe
upperandlowersurfaces,respectively.Fortheuppersurface,
theapyroximtedrophodographalmost-passesthroughpointX,
solittledifficultyisexperiencedinfairinga connecting
curve.However,forthelowersurface,theapproximatedroy
hodographdeviatesconsiderablyfrompointX leavinga larger
latitudeforfairinga curvefromthispointthanwasthe
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casefortheuppersurface.Inthis
oftheairhodographwasfollowedas

instance,thecontour
a guideinfairinga

curvefrompoin~X-totheapproximate&op hodograph.‘The
combinationofcurvesA andC fortheuppersurface,and
curvesB andD forthelowersurface,oomprisetheresultant
tangential-trajectoryhodographforeachsurface.

(e) Convertthe x valuesustidintheairhodographof
figure19(e)to s/c valuestyutilizingtherelationship
infigure19(b)betweenx and s/c.ThisstepIsshown
alsoinfigure19(g).

(f) Measurethevaluesof (R/RV)tasdeterminedbythe
dropandairholographsinfigure19(g)andplotthese
valuesagainsttheircorrespondings/c positions.This
stepisperfomnedinfigure19(h)fortheupperandlower
surfacesofthelJACA23015airfoil.

Stepk: Calculationofdrop+ccelerationvaluesattheair-
foilsurface.

(a) Usetheair-velocitydistributionovertheairfoil
surfacem(fig.19(d))andtherelationbetweenx and s/c
(fig.19(b))toestablishtherelationrequiredbetween
Us/V and s/c forbothupperandlowersurfaces.
Equation(7)thencanbeusedtocalculatevalue~for ad.
Valuesobtainedfor ad byequation(7)areplotted
againsttheirrespectivesurfacepositionsS/C,andthis “
isdoneinfigure19(i)fortheupperandlowersurfaces
oftheNACA23015airfoil.

(b) Includeintheplotof ad versuss/c(fig.19(i))
thevalueof s/c atwhichad iszerooneachsurface.
Thevalueof s/c atwhicha

t
iszerocorrespcmdsto

theextremepositionoftangenialdropimpingementon
theairfoilsurface.Foreachsurface,theextreme
positionofdropimpingementcanbe obtainedbydrawing
twostraight-linetra~ectoriesinthefree+treamdirection,
onetangenttotheairfoiluppersurfaceandtheother
tangenttothelowersurface.Thepointoftangencyfor
eachstraight-linetra~ectorydefinesthe s/c value
corresp~dhgtoan ad valueofzero.FortheNACA23015
airfoilata liftcoefficientof 0.5,theextremeposition
ofimpingementontheuppersurfaceisat S/C=23.0ad
onthelowersurface,at s/c=53.o.
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(c) Foreachsurface,faira curvethroughthecalculated
valuesof ad tothevalueof s/c foundinstep4(b)
correspondingto ad ofzero.Thisstepisalsoperformed
f~figure19(i).Ontheuppersurface,valuesof ad given
byequation(7)wereconsideredinerrorovera smallrange
ofs/c nearthepeakinthevelocitydistributioncurve
(fig.19(d)),andconsequentlylittleweightwasgiventhe
pointsinthisregionwhenextendingthefairedcurveto
a =0 attheextremepositionofdropimpingement.A few ‘
ba itionalpointscanbecalculatedbyequation(8)toaid
inthefairingofthedrop+ccelerationcurve,butisincein
thisexampletheextremepositionofimpingementisfairly
farforward(s/c= 23”.0)andeqmtion(7)willyield.posi-
tivead valuesfor s/c valuesasfaraftasI.1percent,
useofequation(8)wasdeemedunnecessary.

Step~: Computationofscalemodulicorrespondingtoarbi-
trarilyselectedvaluesoffarthestpositionofimpingement.

(a) Usingtiop+cceleratitmvaluesobtainedfromfigure
19(i)ofstep4 and (R/~)tvaluesfromfigure19(h)of
step3,calculatevaluesof-scalemodulus* frmnequation
(4).Thecomputationsaremadeforarbitrarilyselected
valuesof ~ ands/c.Valuesof CdR/24requiredfor
solvingequation(4)canbeobtainedfrominterpolationof
thedatapresentedintableVI,orpreferablyfroma semi-
logarithmlcplot-ofthedata.A smallrangeoftabulated
CdR/24values,includingthevaluesinvolvedinthecompu–
tationof v fortheNACA23015airfoilisshowngraphically
infigure19(J).Thecczuputationsof v fortheNACA23015
airfoilareshowninthefollowingtable:

-..

,

s



5
●

NACATN2476 33

.
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.

.

‘4

CALCULMZIONOFSCA12Zl$3DUIZFOR
CRDSENAREASOFIMPINGEMENTANDDIFFERENTRV VALUES I

I R+o I

UTTERSURFACE
~

5 8.6 86 0.365 3.65 1.42 .518 166
10 2.8 28 .405 4.05 1.45 .586 48
15 1.0 10 .412 4,E 1.46 .600 17
20 .2 2 .405 4.05 1.45 .586 4

IOW33RSURFACE

5 2.7 27 0.10 1.0 1.170.117 231
10 1.0 10 .12 1.2 1.20 .144 70

.6 6 .10 1.0 1.17 .117 51
: .35 395 .085 .85 1.14 .097 36
40 .17 1.7 .072 .72 1.13 .081 21
45 .10 1.0 .070 .70 1.12 .078 13

R@oo

I UPPERSURFACE I

5
10
15
20

8.6
2.8
1.0
.2

860
28o
100
20

0.365
.405
.412
.405

36.5 2.88 1.05 819
’40.5 3.00 1.21 230
41.2 3.02 1.24 &l
40.5 3.00 1.21 16

I ILMERSURFACE I

2.7
1.0
.6
.35
.17
.10

270
100
60
35
17
10

0.10
.12
.10
.085
.072
.070

10
12
10
8.5
7.2
7.0

1.80
1.90
1.80
1.72
1.64
1.63

0.180
.228
.U30
.146
.11.8
.114

1500
439
333
24o
144
88

Stey6: Establishingthecurvesoffarthestpositionof
impingement.

(a) Plotthevaluesof $ calmlatedinstep5 against
thecorrespondingvaluesof s/c asordinatesforisopleths
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of Rv. Usea semilogarithmicscale,plottingtheordinates
arithmetically.ThisisdonefortheI?ACA23015airfoilin
figure19(k)c

(b) ontheplotsof s/c begunin&ep 6(a),denoteby
linesdrawnatconstants/c valuesthevalueofextreme
positionofdropimpingementoneaohuppsrandlowersur-
face.FortheNACA23015airfoil,ata liftcoefficient
of0.5,theextremepositionsofimpingementhavebeenfound
inste k(b)asbeingat .s/c=23.Oontheuppersurface,

7at s c=53.Oonthelowersurface.

(c) Mlculatefromequation(I-2)thecritical+calemodulus
valueforeachisoplethof ~. Thevalueof G req~red
toevaluateequatlm(12)foreitherincompressibleor
compressibleflowcanbeobtainedfromfigure14. Thevalue
of *C

f
calculatedfora givenvalueof Rv correspcmds

to s c atthestagnationpoint.Valuesof ~cr calc~ted
fromequaticm(12)fordifferent-valuesof RV alsoshould
beplottedonthegraphoffarthestpositionofimpingement
(fig.19(k))beguninstep6(a).SincetheNACA23015air-
foilcanbeconsideredtohavethesametypeofprofileas
Joukowsklairfoils,figurelb(a)isusedtoobtaina value
of G forevaluatingequation(12).Fora valueof CZ=O.5
anda thicknessratioof0.15,figure14(a)showsthevalue
of G tobe37.5.Whenthisvalueof G isusedin
equation(1.2),*cr hasthefollowlngvalues:

~ *cr
10 ~

100 15000

(d) Foreachisoplethof R, faira curvethroughthe
valuesof s/c plottedin steps6(a)and6(c)(fig.19(k)).
Thesecurvesshouldapproachasymptotically,asa limiting
value,thefarthestpositionofdropimpingementforthe
upperandlowerairfoilsurfaces.lE&ure19(k)thenmay
beusedfordesignpurposesbydeterminingthevaluesof
k/c)u~d (s/o)zforparticularvaluesof $ endF+.

RateofImpingement

Theprocedureforthedeterminationofthetotalrateofimpinge-
ment,ashasbeenexplainedinreference1,consistsofsummingthe
rateofwater-dropimpingementforeachofthedropsizesinanassumed

.
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drop+izedistribution.Thisispossibleforeachsizeofdropby
. useoftheequation:

Thevaluesof
ofthenature
yrocedurefor
ofevaluating

35

V,m,andYMX aredirectlyobtainablefroma knowledge
oftheicingconditionsandtheairfoilshape.The
calculatingefficiencyofimpingementconsistsessentially
equation(14).Thefollowingstepsexplainhowthe

empiricalrelationshipsderivedfromthetrajectorydataareusedto
solveequation(14),andfigure20ispresentedtoshowthenecessary
accompanyinggraphicalrelationships.

Stepl.-Thefollowingrelationshipshouldbeestablished
foruseduringthecomputational~rocedure:s/c asa
functionof y/c forbothupperandlowersurfaces.This
relationshipisshownfortheNACA23015airfoilinfigure
20(a).

Step2.-Establishing(&o/&)t asa
isoplethsof ~.

(a) Usingthefarthestpositionof
(fig.19(k)),establishtheairfoil
oftangentialhop impingement
forisoplethsof ~. Thisis
theNACA23015airfoilfor ~

(b) Onthecurvesestablished

asa
done

functionof * for

impingementcurves
ordinatesatpoints
functionof log‘+
infigure20(b)for

valuesof10and100.

infigure20(b),establish
thevaluesof V atwhich(LXyo/&)t=0.8.Thiscanbe
donebyusingfigure15whichprovides,fordifferentangles
ofattack,valuesof &t/~x correspmdingtothevalue
of (&o/&)t=o.8. FortheNACA23015airfoil(assuming
theNACA23015airfoiltobe similarinprofiletothe
Joukowskiairfoils),figure15gives&t/~r+.9 at
~3.6°. Thisvaluecanbeusedinfigure20(b)todete~
minethevaluesof ~ correspondingto(&o/&)t=().8*by
locatingthe ~ valuesatwhichAyt=0.9~x.Forthe
NACA23015airfoil,these$ “valuesh figure20(b)are
takentobe:

~ $

10 28
100 130
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(c) Constructa semilogarithmicplot,assigningvalues
ofscalemoduliasabscissas(log=ithmicscale)and
tims of (&o/&)t asordinates(=ithmeticscale).
Then,foreachparticularchosenvalueof Rv,plotthe
valuesof *cr correspondingtoa valueof (&o/Ay)t=O
andalsothevaluesof ~ correspondingtoa valueof
(&o/@@.8. Thisisdoneinfigure20(c)forthe
NM!A23015airfoil..Infigure20(c),thevaluesof $Cr
=e denotedbycirclesandthevaluesof $ at
(&o/&)t=o.8we denot~by sq=es.
(d) Usingthepointsplottedinstep2(c),connectwith
a straightlineeachpairofpointbhavingthesameRv
value.Thisprocedureestablishes(&~.&)t asa function
of ~ forisoplethsof ~ andisillustratedinfigure20(c)
fortheNAC!A230uairfoil.Thecurvesinfigure20(c)have
beenextrapolatedtoapproacha Umitvalueof (Ayo/Ay)t=l.l.3

-1.09forstraight-linetangentialwhichcorrespondsto h/tm-
trajectories.

Step3.<alcul&ionofhpingementefficiency:
(a) Equation nowisusedtocalculatei@ngementeffi-
ciencyforvarious$ =dRV values.Toevaluate,
equatioa(14)fora selectedvalueof
(&o/&)t for~bitr-~ues of ~ %

~recordvaluesof
omtherelationship

(fig.20(c))establishedinstep2(c).Forthesame~ values,
obtaincorrespondhg@t valuesdirectlyfromthecurves
established(fig.20(b))instep2(c).

.

.

.

(b) Plotthevaluesof E obtainedb (a)aboveagainstthe
correspondingvaluesofscalemodulusiniaoplethsof Rv. A
semilogarithmicscaleisrecommended,withvaluesof E being
plottedasordimatesonthearithmeticscale(fig.20(d)).
Figure20(d)thenmaybeusedfordesignpurposesbydetermining
valuesof E forperticul-valuesof ~ and~.

DistributionofImpingement
I

Distributionof impingementisconsidereddefined,asexplainedin
reference1,whenvaluesoftheconcentrationfactorC aredetermined
overtheregionofdropimpingement.Theempiricalprocedureconsists
firstofevaluatingdistributionofimpingementforstraight+line
trajectories.Byestablishingthedistributionofimpingementfor
straight+linetrajectories,a limitcurve(thelocusofmaximumvalues
ofC)isobtainedwhichcanbeusedasa guidenmdifyhganapproximate .

distributionfortheparticulartrajectoriesofinterest.Figure21
ispresentedtoillustratethestepsinvolvedfortheNACA2302.5airfoil.
Thesestepsaremibsequeutlydescribed.

P



NACATN2476 37

Stepl.-tipingbmentdistributiononanairfoilcausedby
straight-linetrajectories(thelimitcurve).

(a) Todeterminetheimpingementdistributiononan
airfoilforstraigh>linetrajectories,theprocedureis
toplottheairfoilcontouranddrawseveralstraight-line
trajectories,ina streamwisedirection,sothatthey
im@ngeuyontheairfoil.Thetwotangentialtrajectories
shouldteincluded.Thisprocedureisillustratedin
figure21(a)fortheN~CA23015airfoil.

(b) Foreachtrajectoryappearingintheplotmadein(a),
notethetrajectorystartingordinatesandthecorresponding
positionsofimpingement,s/c.Plotthesevalues,using
positionofimpingements/c asabscissas,andfaira
curvethroughthepoints(fig.21(b)).

(c) Establishconcentrationfactorvaluesforarbitrarily
selectedvaluesofpositionofimpingementbyobtaining
theslope,atvariouspoints,ofthecurveplottedin(b).
A plotoftheseconcentrationfactorvaluesagainstposition
ofimpingementvaluesyieldsthelhnitcurvecorresponding
tostraight-linetrajectories.Notethatthemaximumvalue
isalwaysunityattheairfoilleadingedge,andtheminimwn
valuesarezeroattheextremepositionoftangentialdrop
impingement.

Ste~2.-Detez?niningimpingementdistributionforanarbitrary
valueofscalemodulusandfree+treamReynoldsnumber.

(a) Calculatea maximumvalueofconcentrationfactor
fromequation(19).Valuesof s/c and E neededto
evaluatethisequationfora selectedvalueof F+ and
variousvaluesof * maybeobtainedfromefficiencyand
farthestpositionofimpingementcurvesalreadyestablished.
FortheNACA23015airfoil,thevalueof C-X becomes

Eh
‘x (Sav)t

(0.75)(0.164)= ~ 42=— =
1/2(0.135+0.45)“

fora valueof ~=100anda valueof RV=lOO.

(b) Plotthevalueof %x obtainedin (a)against
positionoftipingement,s/c.Assumethat %x lies
ona straightline-connectingthepointsC=l.0,s/c=oj
andC=Ofor s/c atthestagnationpoint.Seefigure21(c).

—
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(c)

(d)

Usingthevalueof %x obtiined~ steP(b)~
forma triangulardistributimofdropimpingement
bydrawingstraightlinesfrcmthepoint%x
tothepoints(s/c)~,C==and(s/c)tt,C=O.
!Chisstepisalsoillustratedinfigure21(c).

Modifythetriangulardistributionestablishedin
(c)toconformtothegeneralshapeof‘thedistri- .
butioncurveestablishedinstepl(c)forstraight-
linetrajectories.Inperfomingthismodification,
thevalueof %x isusuallyincreasedsuchthat
thenewcurvecontainsthesameareaasdidthe
triangulardistribution.Themodifiedcurveisshown
infigure21(c)fora particularcombinationof *
and ~. Forothercombinationsof ~ and~ that
maybeneededfordesignpurposes,otherfigures
similartofigure21(c)wouldhavetobeconstructed.

EVALUATIONOFTHEEMPIRICALME!ZEOD
DEVZIOPEDINTKE3REIDK!I

Thede”@eetowhichthefinalvaluesoffarthestpositionand
efficiencyofdropimpingatnentascalculatedhereindependuponthe
accuracyofdeterminationoftheintemnediateqwmtitfes(R/~)t~
a ,andG wasinvestigatedbydeterminingtheeffectofarbitrarily
$a teringthesethreequantitiesa givenpercentage.Withthispro-
cedure,theeffectonfarthest-positionandefficiencyofimpingement
canbeappraisedfortheselectedchanges’inthethreevariables;
also,saneconceptcanbegainedoftheapproximateerrorinthe
empiricalmethoditself.Whencomputaticmsweremadeforthe
l~qrcent-thicksymmetricalJoukowskiairfoilat a = 4°,andthe
valuesof (R/R&ad,and G werealteredby*1Opercentinall
possiblecombinations,itwasfoundforfarthest-positionofimpinge-
ment--thatinnocasewaschangingG si~ificant.Thecombination
ofpositiveandnegativechangesprovidingthelargestchangein~
resultedina changein s/c ofabout2~ercentchordovermostof
therangeinvaluesof v . Theempiricalmethodcmtiibutedem
additionalchangeofon~-aboutl/2~ercemtchord.Forefficiencyof
impingement,theeffectofa changeinthetermG almewastomake
a changeinefficiencyofabout0.7percent;thecombinationofpositive
andnegativechanges‘in(R/RT)tand ad providingmaximumchange
in ~ madea changeinefficiencyofabout3 percentovermostofthe
rangein $ values.Ascomparedwimthesechanges,theapproximations
oftheempiricalmethodledtoefficiencyofimpingementvalueswhich
differedfromthedifferentialanalyzervaluesbyabout-15percent.
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Whiletheforegoingvalueswillnotbenecessarilyreyresentativs
forallotherairfoils,theyneverthelessseemtoindicatetheorder
ofmagnitudeoferrorinareaandefficiencyofimpingementtobe
expectedwhentheerrorintheterms(R/Rv)t,ad,andG cm bekept
within+10percent.Whetherthissortofaccuracyalwayscanbe
realizedbyusingtheproceduress~estedinthisreportcanbe
ascertainedonlyasmorewater-droptrajectorydatabecomeavailable.

CONCLUDINGREMARKS

Resultsofwater-optrajectorydataobtainedfroma differential
analyzerhaveprovideda basisfortheinitialdevelopmentofa
generalmethodforempiricallydeterminingarea,rate,anddistribution
ofwaterdropimpingementonairfoilsectionsofarbitraryprofile.The
method,asappliedtotheincompressible<lowregime,ismorefimily
establishedforairfoilsresemblingtheJoulcowskiairfoilsinvestigated
thanforlow-dragairfoils,sincethebasicdatawereobtainedforfour
Joukowsldairfoilcasesandonlyonelow-ag section.Becausethe
differentialanalyzerdatawereobtainedonlyforcasesinvolving

. incompressibleflow,themethodasappliedtocompressibleflowwillnot
provideareaandrate-of-impingementdatahavingasmuchvalidityas
thedataforincompressibleflow.Thereisnodotitthatfurtherwater-

. droptrajectorydataareneeded,particularlyforthinairfoils(order
of>percentthick)athighspeeds,andairfoilsathighangleofattack
(intheneighborhoodof~“). Whetherthesenewdatawouldrevisethe
procedurepresented.herein,rellaceit,orsubstantiateitre~insto
be seen.lhtilsuchdataareavailable,however,themethodofthis
reportshouldprovidemorecompleteandaccurateinformationonthe
rate,area,anddistributionofwate=op impingementonenarbitrary
airfoilthananyotherlmownempiricalmeans.

AmesAeronauticalLaboratory,
NationalAdvisoryCamnitteeforAeronautics,

MOffettField,C%lif.,~ 8,1951.
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APPENDIXA

COMPARISONOFR3SUZ’ISOFEMPIRICALC#ilLCULNTIONSOF
FARTEESTPOSITCONANDEFFICIENCYOFIMPINGEMENT
WITHRESULTSOBTAINEDFROMFORMALSOLU’IXONSOF

TRAJECTORYEQUATIONSFORSIXAIRFOILS

Aftera newdesignmethodhasbeendevelopedbasedona limited
amountofdata,itisdesirable,butnotalwayspossible,toevaluate
theaccuracyofthemethodbyapplyingit--tocaseswherechecksonthe
methodexist.Unfortunately,inthisinvestigationnoexperimenkldata
existandverylittlecalculateddataareavailableonwater-droptrajec-
toriesbeyondthatreportedherein.However,thereissomejustification ,
forcheckingtheresultsofthismethodagainstthemoreaccuratecalcu-
lationsforthefiveairfoilcasessincethesedata(except-fordistri-
butionofimpingement)wereusedonlytoestablisha procedurewhich,
whenapplied,wouldnotnecessarilyyieldthesamevaluesforareaand
percent~ingementasthedata.Consequently,theempiricalrelation-
shipsjust-establishedwereappliedtothefiveairfoilcases,and
valuesof’farthestpositionandefficiencyofimpingement-werethen .

obtainedandcomparedwiththeresultsofthedifferentialanalyzer
study.Thesecomparisonsforfarthestpositionandefficiencyofim-
pingementareshoyninfigures22and23,respectively.Inaddition,a

k

comparisonismadeinfigures24and25fora 12-perceht=tb,ickJoukowsk-i““
airfoilcomputedbythemethodofreference3,andalsobythemethodof
thisreport.

Inexaminingfigures22and24,whichcomparefarthestpositionof
impingementvalues,itcanbeseenthatthecalculatedpointscompare
fairlywell.withcurvesobtainedasa resultofformalsolutionsof’the

-.

trajectoryequations.A favorablecomparisonalsoappearstoexistin
thecaseofefficiencyofimpingement,asisshownbythecurvesinfig-
ures23and25. Discrepanciesexist,butthesemaybeexyectedinview
oftheempiricalrelationsusedasa basisforthecomputations.It
willbenoticedthatvaluesoffsrthestpositionofimpingementwerenot
obtainedforvaluesapproachingthelimitpositionofdropimpingement
onupperandlowersurfaces.Thisomissionis due to thefact-that-the
valuesofdropaccelerationapproachzeroasthefarthestpositionof
hnpingementapproachesthelimitvaluesonbothu~er andlowersurfaces.
Asa result,scalemodulicorrespondingtothesepositionsofimpinge-
mentaredifficulttoobtainaccuratelybecausea smallerrorindrop

—

accelerationmakesa largeerrorinscalemodulus.Forallpractical—.
Purposes)though,inabilitytocalculateFeintsnearthelimitvalues

u

makeslittledifferencebecausetheconditionsinthisrangeareseldom
realizedinflight. 4
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Sincetheempiricallycalculatedvaluesforbothfsrthestposition
andefficiencyofimpingementareinreasonableagreementwiththe
theoreticalvalues,itappearstobe justifiabletopresumethatcalcu-
lationscanbemadewithreasonableaccuracyforotherairfoils,at
leastinthesameangle-of-attackrange.Extensiontootherairfoils
ofthemethodusingthehodographtechniquetacitlyincludestheas-
sumptionthattheverticalcomponentsofthetangentialdropvelocities
bearthesamerelationtothemaximumverticalvelocitiesoftheairas
establishedinfigure10forthefiveairfoilsofthisstudy.

.

.
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TAEIEI.-RESULTS
IMPINGEMENTONA

Figure
number

l(a)
l(a)
l(b)
l(b)
l(c)
l(c)
l(d)
l(d)
l(e)
l(e)
l(e)
l(e)
l(e)
l(e)
l(f)
l(f)
l(g)
l(g)
l(g)
l(g)
l(g)
l(g)
l(h)
l(h)
l(i)
l(i)
l(j)
l(j)
l(k)
l(k)
1(1)
1(1)
l(m)
l(m)
l(m)
l(m)
l(m)

+

2
2

:
32
32
4
k
16
16
16
16
16
16

2:
256
256
256
256
256
256
8
8
32
32
IJ28
128
512
512
!048
:o~
64
64

%
64
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FROMD~IAL ANALYZERSTUDIESCl?WATER+)ROP
1’+EZRCENT-T!EICKSYMMETRICALJOTIKDWSKIAIRFOIL

RV

128
128

x -
2048
2048
32
32
128
=8
128
1.28
x28
128
512
512
2048
2048
2ok8
2048
2048
2048

:
32
32
x28
).28
512
512
2048
2048

8
8

:
8

[C7=O;a=oo]

Yo

0.074
-.074

●074
–.074
.072

-.072
.073

–.073
.070
,045
.020
-.020
–.045
-.070
.0655
-.0655
.058
.040
.020
-.020
-.040
–.058
.059

–.059
.056

-.056
.0485
–.0485
.038

–.038
,025

-.025
.0255
.018
.008

–.008
-.018

Denotestangentialtrajectories.

——

hrface

Upper1
Lower1
Upperl
Lowerl
Upperl
L@~er1
Upperl
LowerL
Upperl
U~er
Upper
Lower
Lower
Lower1
U~er1
Lower1
Upper1
Upper
Upper
Lower
Lower
Lower1
Upperl
Lower1
Upper1
Lowerl
Upperl
Lowerl
Upperl
Lowerl
Upperl
Lowerl
Upper~
Upper
Upper
Lower
Lower

s/c

0.265
–.265
.273
-.273
.262

-.2@
●273

-.273
.244
.068
.021
-.021
–.068
-.244
.225
–.225
.188
.058
.023
-.023
–.058
–.188
.197
-●197
.185
–.~85
.150
–.150
.108
–.108
.072
–.072
.078
.031
.010
-.010
-.031

1.0
1.0
.997
●997
.997
.997
1.0
1.0
1.005
.99
.982.
.982
●99
1.005
1.004
1.004
1.007
.949
.931
.931
.949
1.007
,994
.994
●992
*9%
.989
.989
.941
.941
.856
.856
.870
.693
.698
.698
.693

o
0
.004
–.004
.013

-.013
.012
-.012
.023
.013
●009

–.009
–.013
–.023
.043
–.043
.og2
.069
.029
–.029
–.069
-.og2
.078

–.078
.089
–.089
.149
-.149
.225

-.225
.349

_.349
.321
.lg2
.061
–.061
–.l$Z2

.
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~igure
nmiber
l(m)
l(n)
l(n)
l(o)
l(o)
l(o)
l(o)
l(o)
l(o)
l(p)
l(p)
l(q)
l(q)
l(r)
l(r)
l(s)
1(s)
l(t)
l(t)

Denotes

*

64
256
256
1024
1024
1024
1024
1024
1024
4og6
L096
16384
1638J+
51.2

8;E
8192
32768
32768

TAJYLEI.–CONCm

‘v
8
32
32
128
128
128
128
128
~28
5X2_
5X2
2048
2048

8
8

128
128
512
512

70

-0.0255
.021
-.021
.015
.010
.005
-.005
-.010
-.015
.0110
-.0110
.004
-.004
.0035
-.0035
.0020
-.0020
.0005
-*0005

angentialtrajectories.

Surface

Lowerl
TJpperl
Lowerl
Upperl
upper
Upper
Lower
Luwer
Lower1
Upperl
Lowerl
Upperl
Lawerl
Upperl
Lowerl
Upperl
Lowerl
Upperl
Lowerl

B/c

-0.078
.073
-.073
.052
.020
.009
-.009
-.020
-.052
.038

-.038
.022
-.022
.023
-.023
.015
-*015“
.016
–.o16

I.@

0.870
.828
.828
.741
.572
.563
.563
.572
.741
.584
,584
.329
.329
●355
.355
.251
.251
.187
.187

vJv

-0.321
.359
-*359
.451
.198
.109
-.109
-.198
-.451
.b52
-.452
.b6g
-.46g
.514
-:g;

-mkl
●459
-.459
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TABLEII.-RESULTS~OM DIFI’ERENTIALAIWZZERSTUDIFS(X’WATER*OP
m=~~ ONA 15-FERCE=ICKSYMMETRICALJOUKOWSKIA~On .

[CZ=O.22,a=20]

1
Figure *

% Yo Surface B/c @ v~/v
number
2(a) 4 256 -0.0046Upperl 0.236 1.001 0.041
2(a) k 256 -.1548Lowerl -.316 ●gg8 .035
2(b) 16 1024 -.0055Upperl .223 1.003 .044
2(b) 16 1024 -.1539Lows+ -.310 .998 .030
2(c) 2 16 -.0081Up~rl .226 1.009 .053
2(c) 2 16 -.1533Lowerl -.311 ●997 .027
2(d) 8 64 -.0095Upperl .2E2 1.011 .062
2(d) 8 64 -.0381Upper .045 .983 .054
2(d) 8 64 -.0667Upper .005 .g84 .044
2(d) 8 64 -.0956Lower -.026 ‘.974 .039.
2(d) 8 -.1243Lower -.082

2:
●972 .033

2(d) 8 -.1532Lowerl -.308 ●997 .022
2(e) 32 256 -.0140Upperl .196 1.015 .083
2(e) 32 256 -.0410Upper .041 .980 *066
2(e) 32 256 -.0683ll~er .003 .969 .052
2(e) 32 256 -.0958Lower -.026 .970 .038
2(e) 256 -.1232Lower -.Ofl ●975 .024
2(e) ;; 256 -.1508Lowerl -.295

●995 .013
2(f) 128 1024 -.0214Upperl .168 1.021 .1.26
2(f) 128 1024 -.0464Uppx .034 .958 .100
2(f) 128 1024 -.0721Upper .002 .gkl .063
2[f) 128 1024 -.0977Lower -.027 ●939 .032
2(f) 128 1024 -.X231Lower -.079 ●955 .004
2(f) 128 1024 -.1488Lowerl -.265 .% -.008
2(g) 16 16 -.0435Upperl .14g 1.010 ●160
2(g) 16 16 -.1598Lower~ -.2k5 .g84 ,-.023
2(h) 64 -.0493Upperl .128

%
1.o12 ,202

2(h) 64 -.0705Up~r .027 .908 .140
2(h) 64 64 -.O* Lower -.001 .881 .083
2(h\ 64 64 -.1130Lower -.027 .881 .033
2(h) 64 -.1345Lower -.on

2:
.g21 -.013

2(h) 64 -.1558Lawerl -.225 .983 -.052
2(i) 256 256 -.0587Upperl ,100

●999 .283
2(i) 256 256 -.0763Upper ●022 .852 .189
2(i) 256 256 -,0940Lower -.002 .827 .103
2(i) 256 256 -.1118Lower -.023 .815 .015

~Denotestangentialtrajectories.
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TABLE11.-CONCLOIED

.

Figure $ ‘v Y. Surface s/c @ Vdb
ZWber
2(i) 256 256 -o.1298 Lawer -0.058 0.863 4.050
2(1) 256 256 -*1475 Lower1 -.1~ .963 -.105
2(J) 1024 1024 -.0743 Upper1 .063 .914 .424
2(j) 1024 1024 -,1360 Lower1 -.118 .902 -.195
2(k) 128 16 -.0955 Upperl ●055 .881 .472
2(k) U8 16 -.1065 Upper .009 .640 .235
2(k) 128 16 -.1160 Luwer -.004 .637 .113
2(k) =8 16 -,1250 Lower –.017 .642 -.006
2(k) U8 16 -.1335 Luwer -.036 .685 -.109
2(k) 128 -*1430 Lowerl -.098 .854 -.246
2(1) :: -.1005 Upperl .038 .767 .528
2(1) ;: 64 -*1080 Upper ,009 .560 .270
2(1) 512 64 -.1155 Lower -.004 .542 .132
2(1) -.1230 Lower -.016 .535 -.011
2(1) ;E 2: -.1310 Lower -.03 .611 -.140
2(1) 512 64 -.1382 Luwerl -.079 .813 -.300
2(In) 2048 256 -.1085 Upperl .028 .562 .611
2(m) 2048 256 -.1130 Upper .004 ●394 .255
2(m) 2048 256 -.1182 Lower -,005 ●379 .U8
2(m) 2048 256 -.1228 Lower -.014 ●377 -m050
2(m) 2048 256 -.1275 Lower -.029 .500 -.235
2(m) 2048 256 -.1325 Lowerl -.055 .688 -.356
2(n) 8192 1024 -.1165 Upperl .015 .210 .514
2(n) 8192 1024 -.1190 --- 0 .270 .230
2(n) 8192 1024 -.w18 Luwer -.004 .260 .085
2(n) 8192 1024 -.1250 Lower -.01.2 .273 -.110
2(n) 8192 1024 -.1275 Luwerl -.031 .520 -.390
2(o) 1024 16 -.1232 Upperl .008 .186 .610
2(o) 1024 -.1262 Lcwerl -.015 .100 -.243
2(p) 4096 :: –,1243 Upperl ,003 .090 .434
2(p) 4096 64 -.1.278Lowerl -.ol~ .246 -.235
2(q) 16384 256 -.1254 Up@rl .002 .103
2(q) 16384 256 -,12~ Luwerl

.506
-*014 .1~ .295

.

.

.

.

‘Denotestangentialtrajectories.
v

“
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TABLEIII.-RESULTSFROMDII?FERENTIALANALYZERSTUDIESCWWATEHIROP
IMPINGEMENTONA 1>E3RCENPCEICKSYMMWIRICAZJOUXDWSKIAIRFOIL

[CZ=O.44;CL=401

Figure
nuuiber
3(a)
3(a)
3(b)
3(b)
3(c)
3(C)
3(d)
3(d)
:[:;

3(d)
3(d)
3(d)
3(e)
3(e)
x:;

3(e)
3(e)
:[;;

s(f)
s(f)
s(f)
s(f)
s(f)
s(f)
3(%)
3(g)
3(h)
3(h)
3(h)
:[;]

3(h)
3(h)
3(i)
;[:]

if

k
4
16
16
2

;
8
8

:
8
8
32
32
32
32
32
32
32
128
128
128
128
128
=8
E8
16
16
64
64
64
64

2
64
256
256
256

256
256
1024
1024
16
16
64
64
64
64
64
64
64
256
256
256
256
256
256
256
1024
1024
1024
1024
1024
1024
lo2h
16
16
64

2
64
64
64
64
256
256
256

Yo

-0.1682
-.3215
-.1692
-.3223
-.1818
-.3330
-.1837
-.3073
-.2824
-.2577
-.2330
-.2083
-*3320
-.1881
-.2121
-.2358
-.2594
-.2832
-.3068
-.3316
-.1994
-.2074
-.2205
-.23%
-.2748
-*3077
::;:;:

-a3665
-.2472
-.3422
-.3231
-.3043
-.2853
-.2665
-.3606
-.2622
-.2775
-.2925

Denotestangentialtrajectories.

Surface

Upperl
Lowerl
Upperl
Lowerl
Upperl
Lowerl
Upperl
Lower
Lower
Lower
Upper
Upper
Lcwerl
Upperl
Up~r
Up~r
Luwer
Lower
Lower
Lowerl
Upperl
Upper
Upper
Upper”
Lower
Lower
Lowerl
Upperl
Lawerl
Upperl
Lower
Lower
Lower
Lower
Upper
Lawerl
Upperl
Upper
Lower

s/c

0.204
-.408
,194

-.400
.192
-.@
.170
-.135
-.064
-.024
.004
.037

-.400
.148
.034
.002

-.024
-.062
-.124
-*379
.127
.062
.028
.004
-.041
-.125
-.350

●121
-.336
.100
-.I13
-.060
–.028
-.004
.018
-.286
.068
.012
-.008

0.9996
.ggh6
1.0086
.9976
1.0034’
.9891
1.0055
.9&2
S::

●9793
.g854
.9930
1.0174
.9764
.9653
--—
---
.9652
.9831
1.0294
.9804
.9514
.9304
.9273
.9433
1.0200
1.0116
.9628
1.0133
.8g40
.8712
.86g4
.8638
.899’0
.9578
1.0121
.8138
.7827

@

0.0785
.0705
●1005
.0705
.0962
.0688
.1032
.0728
.0789
.ImO
.0940
,1011
.0638
.1381
.1221
●10N
---

z2i
.0618
.2031
.0931
.1670
.1410
.0869
.0519
.0468
.2241
.0415
.2881
.0448
.0731
,1.147
.1675
.2148
.0135
.4088
.2746
.1843
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TABLEIII.–CONCLUDED

NACATN2476
.

.

Figure
nuniber $ % Yi Surface 0/c @ Vdb
3(i) 256 -0.3078Lower 4_::~ 0.7864 0.1092
3(i) 256 256 -.3353Luwer .8281 .0149
3(i) 256 256 -.3444Lower .-.125 .8660 .0142
3(i) 256 ,256 -;3537Lowerl –.247 .9558 -.0313
3(J) 1024 1024 -.2782Upper~ .043 .8758 .5817
3(J) 1024 1024 -.3440Lowerl -:l& .8780 -.1212
3(k) U8 16 -.3126Up~rl .8255 ●5550
3(k) 128 16 -.3598Lower -.067 .7143 .0364
3(k) 128 16 -.3500Lower –.040 .6586 .0228
3(k) 128 16 –.34o6Lower -.022 .6048 .1031
3(k) 128 16 -.3313Lower -.006 .6~5 .2444
3(k) 128 16 -.32~ Upper -.006 .6562 .3437
3(k) 128 -.3688Lowerl -.145 .8632 -.1358
3(1) 512 :: -.3216Upperl .026 .6392 .7017
3(1) 512 64 -.3303Lower -.004 .5021 .3024
3(1) 512 -.3383Lower -.015 .4678 .1513
3(1) 512 2 -.3441Lower -.027 .5197 .0390
3(1) 512 64 –.3500Lower -,042 .5566 -.0782
3(1) 512 64 -.3558Lower -.062 .6465 -.1363
3(1) 512 64 -.3605Lmerl –.1.12 .8133 -.2045
3(m) 204: 25; -.3293Up~r~ .015 .424o ●7513
3(m) –.3324Upper .002 .3300 .4553
3(m) 2048 256 -.3373Lower -;008 .2858 .2442
3(m) 2048 256 -.3432Lower -.022 .3548 .0060
3(m) 2048 256 -.3471Lawer -.032 :fi~ -.l.lgl
3(m) 2048 256 -.~ol Lower –.045 -.1923
3(m) 2048 256 -.3529Lowerl -.072 96575 -.2912
3(n) 8192 1024 -.3382Upperl- .004 .0918 .7521
3(n) 8192 1024 -.3405Lower -.005 .1918 .4371
3(n) 8192 1024 -.3441Lower -.012 .1787 .1520
3(n) 8192 1024– -.3458IOwer -.020 .2767 .0669
3(n) 8192 1024 -.3474Lower -.031 .2867 -.2011
3(n) 8192 1024 -.3480Lowerl -.041 .4186 –.2832
3(o) 1..o24 16 –.3495Upperl .004 .1147 .6545
3(o) 1024 16 -.3544Lowerl -.035 .3496 -.2808
3(P) 496 64 -.3495Upper~ .002 .1047 .6945
:[:] ko96 64 -.3530Lowerl -.026 .2146 -.2157

1638k g: -.3504Upperl .002 ,1597 .8494
3(q) 1638k -.3535Lowerl -.025 .2746 -,2256

.

.

.

‘Denotestangentialtrajectories.
T

.
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TABLEIv.-RESULTSFROMDIl?FERENTIALANALYZERSTUDIESOF
IMPINGEMENTONA 1>HZRC!EN7WHICKCAMBEREDJOUKOWSICI

Figure
umber
4(a)
4(a)
4(b)
4(b)
4(c)
4(c)
4(d)
4(d)
4(d)
4(d)
4(d)
4(d)
4(e)
;:8;

4(e)“
4(e)
4(e)
4(f}
4(f)
4(f)
4(f)
4(f)
4(f)
4(g)
4(g)
k(h)
4(h)
4(h)
4(h)
4(h)
k(h)
4(i)
4(1)
4(j.)
4(i)
4(i)
4(i)

4
4
16
16
2

;

:
8
8
8
32
32
32

;:
32
~28
128
128
128
128
I_28
16

::
64
64
64
64
64
256
256
256
256
256
256

[a=l.OMEANLINE;cz=o.~;a=o”]

RV

236
256
1024
1024
16
16
64
64
64
64
64
64
256
256
236
256
256
256
1024
1024
1024
1024
1024
1024
16
16
64

2
64

2
256
256
256
256
256
256

0.0935
-.0565
.0915
-.0565
.0855
-.0600
.0818
.0536
.0253
-.0038
-.0318
-.0610
.0775
.0503
.0225
-.0045
-.0325
-.0600
.0660
.0420
.0160

-.0085
-.0335
–.0585
.0377
–.o~o
.0312
.0100

–.0110
–.0315
–.0525
–.0731
.0180
.0010
–.0165
-.0340
–.0510
-.0680

Surface

Uyyerl
Lowerl
Upperl
Lowerl
Upperl
Lowerl
Upperl
Upper
Upper
Upper
Lower
Lowerl
Upperl
Upp3r
UpTer
Upper
Lower
Lowerl
Upperl
Upyer
Upper
---
Lower
Lowerl
Upperl
Lowerl
Upperl
Upper
Uyper
Lower
Luwer
Lowerl
Upperl
Upper
Upper
Lower
Lower
Lower

s,tc

o●317
-.216
.310
-.213
.305
-.215
.294
.096
.038
.002

-.033
-.212
.275
.092
.034
.001

-.033
-.199
.243
.077
.030
@
-.032
-.183
.211
-.180
.192
.061
.022
-.003
-.031
-.157
.158
.050
.018

-.004
-.028
-.120

43

WATEIKDROP
AIXl?OIZ

1.003
.998
1.008

●999
1.009
.994
1.012
.992
.988
.985
.984
●999
1.022
.989
.976
.972
●973
.990
1.033
.976
;;~;

.946

.984
1.028
.978
1.038
.936
.898
.884
.891
.971
1.038
9893
.839
.820
.838
.940

0.007
-.002
.013
-.006

●022
-.CQ1
.031
.022
.020
.011
.003
-.008
.050
,042
.030
.017
.002

-.016
.Ogo
.075
.054
.024

-.006
-.036
.128
-.042
.168
.131
.095
.048
-.007
-.073
.238
.188
.127
,034
-.017
-.129

‘DenotestangentialtraJectories.

,
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TABEEIV.-CONCLUIX3D

NACATN2476
.

Flguxe
number w % Yo Surface s/c Mb vdfi

k(j) 1024 1024 0 Upperl 0.109 1.000 0.357
4(3) 1024 1024 -.0620 Lowerl -.O&j .883 -.220
4(k) 128 16 -.028 Upp@ .092 ●958 .405
4(k) 128 16 -.0382 U~r .032 .727 .288
4(k) 128 16 -.0480 Upper .012 -.638 .189
4(k) 128 16 –.0575 Lower -.004 ,649 .060
k(k) IJ28 16 -.0670 Luwer -.019 ●644 -.046
4(k) 128 16 -.0772 Lowerl -.068 .838 -.264
4(1) 512 64 -.0347 Upperl .072 :911 .487
4(1) 512 64 -.0425 Upper .025 .634 ●350
4(1) 512 64 -.050 Upper .010 ●535 .x)8
4(1) 512 64 -.0582 Lower -.005 .485 .031
4(1) 512 .64 -.066 Lower -.018 .544 -.124
4(1) 512 64 -.0725 Lowerl -.053 ●754 -.319
4(m) 2048 256 -.0440 Up~rl .046 .686 .576
4(m) 2048 256 -.050 Upper .015 .448 ,360
4(m) 2048 256 -.0548 Upper .005 .381 .192
4(m) 2Q48 256 -.0594 Lower -.004 .368 .048
4(m) 2048 256 -.0638 Lower –.013 ,407 -.103
4(m) 2048 @ –.0685 Lower~ -.038 -.384
4(n) 8192 1024 -.0548 Upperl .o~ :?1 .650
4(n) 8192 1024 -.0569 Upper .007 .258 .308
4(n) 8192 1024 -.0590 Lower -.001 .178 .082
4(n) 8192 1024 -.0610 Lower -.008 .184 -.079
~[n] 8192 1024 -.0630 Lower -.012 ,211 -.168

$1 1024 -.0650 Lowerl -.025 .464 -.428
4(o) 16 -.0604 Upperl .022 .346 .561
4(o) 1024 16 -.0700 Lowerl -.018 .317 -.368
4(-p) 4096 64 -.0650 Upperl .015 .285 .527
4(F) 4096 64 -.0675 Lowerl -.012 .143 -.253
4(q) 16384 256 -.0655 Upperl .w6 .113 ,:91
4(q) 16384 256 -.0670 Lowerl -.008 .046 –.118

.

.

.

.

lDenotestangentialtrajectories.
T’

.
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.

.

.

b

TABLEV.-RESUILU3FROMDIFFERENTIALANALYZERSTUDIESOF
WATER~OPIMPINGEMENTONANNACA659-015AIRFOIZ

[c@.44; cf’=4q‘

Figure
numiber
5(a)
5(a)
5(b)
5(b)
5(c)
5(c)
;[:;

5(c)
5(c)
5(c)
5(d)
5(d)
5(a)
5(d)
5(d)
5(d)
5(e)
5(e)
5(e)
5(e)
5(e)
5(e)
5(f)
;[;;

5(f)
5(f)
5(f)
5(g)
5(g)
5(h)
5(h)
5(h)
5(h)
5(h)
5(h)
5(i)
5(i)

‘Denotes

*

4
4
16
16
2
2
2
2
2
2

:
8
8
8
8
8

%
32
32

::
128
128
128
128
U8
1.28
16
16
64
64

:
64
64
256
256

mgentic

%

256
256
1024
1024
16
16
16
16
16
16
16
64
64

2
64
64
256
256
256
256
256
256
1024
1024
lo2k
1024
1024
1024
16

z

2
64
64
64
256
256

.trajecl

Yo
Q.1281
-.2817
-.1298
-.2818
–.1395
-.1646
-.2026
-.22U
-.2467
-.2687
-.2909
-.1424
-.1719
-.2163
-.2409
-.2655
-.2899
-.1493
-.1702
-.2193
-.2437
-.2685
–.2894
-.1603
-.1826
-.2282
-.2505
–.2726
-.2878
-.1951
-.3202
-.2030
-.=36
-.2535
-.2787
-.3013
-.31.11
–.2143
-.2343
>ries.

Surface

Upperl
Lawerl
Upperl
Lowerl
Upperl
Upper
Lower
Luwer
Lower
Lower
Lowerl
Upperl
Upper
Lower
Lower
Lower
Lowerl
Upperl
Upper
Lower
Lower
Lower
Lowerl
Upperl
Upper
Lower
Lower,
Lower
Lowerl
Upperl
Lowerz
Upperl
Upper
Lower
Lower
Lower
Lowerl
Upperl
Lower

sic

0.281
-.523
.267

-.514
.259
.031
-.022
-.074
-.150
-.256
-.514
.240
.,016

-.050
-.125
-.236
-.512
.209
.023
-.052
-.131
-.249
-.506
.150
.008

-.068
-.145
-.267
-.485
.128
–.481
.092
.012
-.048
–.127
-.247
-.417
.047
-.007

1.0023
●9973
1.0073
●9973
1.0047
.98al
.9847
.9867
.9857
.9847
.9927
1.0107
.9847
99757
.9807
●9797
.9907
1.0187
.9761
.9617
.9647
●9n7
1.0057
1.0207
.9517
.9427
.9407
.9557
.9837
1.0015
.9776
.9956
.9155
.8795
.8975
.9255
.9756
.g416

s

@

0.081.4
.0704
.0864
.0704
.0945
.0875
.0825
.0793
.0753
.0742
.0711
.1065
.0935
.0824
.0743
.0712
.0641
.1326
.1155
.0874
.0743
.0632
.0531
.leQ5
.1375
.0853
.0642
.0462
.0382
.2008
.0383
●2597
●2055
.1092
.0609
.0227
.0074
.3416

A
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TABLEv.-coNTmD

NACATN2476
.

.

Figure
muiber
~(i)
;[;;

5(i)
5(3)
5(3)
5(3)
5(3)
5(J)
5(3)
5(J)
5(k)
5(k)
5(k)
5(k)
5(k)
5(k)
5(1)
5(1)
;[;]

5(1)
5(1)
5(m)
5(m)
5(m)
5(In)
5(m)
5(m)
5(m)
5(n)
5(n)
5(n)
5(n)
5(n)
5(n)
5(n)
5(n)
5(0)
5(o)

w
256
256
256
256
1024
1024
1024
1024
1024
1024
1024
128
128
128
128
128
128

;:
512
512
512
512
Z@@
2048
2048
2048
2048
2048
2048
8192
8192
8192
8192
8192
8192
8192
8192
1024
1024

256
256
256
256
1024
1024
1024
1024-
1024
1024
1024
16
16
16
16
16
16

2:

2
64
64
256
256
256
256
256
256
256
~02k
1024
1024
1024
1024
1024
1024
1024
16
16

Yo

0.2543
–.2717
-.2892
-.2983
–.2267
-.2313
-.2492
-.2692
-.2782
-.2853
-.2883
-.2633
-.2798
-.2945
-.3028
-*3059
-.3091
-.2676
-.2719
-.2857
-.2926
-.3015
-.3035
-.2737
-.2748
~:~g

-.2906
-.2965
-.2989
-.2798
-.2801
-.2850
-.2886
-.2932
-.2945
-.2958
–.2971
-.2933
-.3037

Surface

Lower
Lower
Lower
Lowerl
Upperl
Upper
Lower
Lower
Lower
Lower
Lower~
UpperX
Lower
Lower
Lower
Lower
Lowerl
Upperl
Upper
Lower
Lower.
Lower.
Lowerl
Upperl
Upper
---
Lower
Luwer.
Luwer
Lowerl
Upperl_
Upper
Lower
Lower
Lower
Lower
Lower
Lowerl
Up&r+.
Lowerl

s/c

4.040
-.093
-.184
-.355
.026
.010
-.015
-.060
-.104
-.166
-.245
.021
-.012
-.o42
-.O&l
–.104
–.185
.018
.005
-.020
-.034
-.079
-.145
.014
.007
0
-.012
-.022
-.048
-.100

●010
.005
-.004
-.010
-.022
-.030
-.033
-.065
.008
-.040

0.8086
.8316
---
.9686
.8575
;;72;

.6295

.7875

.7495

.9175

.7926

.6436

.6395

.7194

.7634

.8804

.7536

.6496

.4935
;;g:

.8284

.6606‘

.5986

.5216-

.4o85
●3905
.5485
.7584
.5976
---
--—
.3035
.2124
m3423
.3983
.6765
.4372
.48gl

Vdj’v

o●1102
●0410

-X4;
.4614
●3935
.1972
.0300

-.0251
–.0692
.0942
.4950
.2336
,1003

-.05C0
-.0860
-.1302

●5779
.4378
.1605
.040~

-.09F9
-.1*O
.6718
.5868
.4106
,2245
.0604

-.0967
-.1768
,7847
---
---
.2454
.0033

-,0863
-.1068
-.1867
.8238

-.1997

●

✎

✎

‘Denotestsmgentialtrajectories.
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TABLEV.-CONCLUIED

,

53

Fide
9 Rvnumber Yo Surfaces/c @ T(@7

5(P) 4096 64 -o●2947 Upperl 0.008 0.5712 0.8627
5(P) 40g6 64 –.3026 Lowerl -.o24 .2221 -.1126
5(q) 16384 256 -.2952 Upperl .008 .5730 .9W7
5(q) 16384 256 -.3028 Lowerl -.019 .1099 -.0525

.‘Denotest~ential.trajectories. T



NACATN2476
.

‘rA3LEvl.-VALUIZSOF cdR/24ASA FUNCTIONOF R

R

0.00
,05
.1
.2
.4
.6
.8
1.0
1.2
1.4
1.6

~ 1.8
2.0
2.5

;:;
4.0

2::
8.0
10.0
12
14

z
20
25

;;
40
50
60
80
100
120
140
160
180
200
250

:;
400

cdR/24

1.000
1.009
1.018
1.037
1.073
I.108
1.142
1.176

.1.201
1.225
1.248
1.267
1.285
1.332
1.374
1.4E
1.447
1.513
1.572
1.678
1.782
1●901
2.008
2.109
2.198
2,291
2.489
2.673
2.851
3.013
3.327
3.60
4.11
4.59
5.01
5.40
5.76
6.16
6.52
7.38
8.26
9.00
9.82

y)o
600
8U0

1,000
1,200
1,400
1,600
1,8oo
2,000
2,500
3,000
3,500
4,000
5,000
6,000
8,000
10,000
12,000
14,000
16,000
18,000
20,000
25,000
30,CXX
35,~o
40,000
50,000
60,000
80,000
MO,000
1.2xlo5
1.4xlo5
1.6n05

cd,@4

~I_.46
12.97
15.81
S.62
21.3
24.o
26.9
29.8
32.7
40.4
47,8
55.6
63.7

$:;
3.30.6
166.3
204
243
285
325
365
470
574
674
778
980
1175
1552
1905
2234
2549
2851

.
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!lAEctEv-lI.-CCME!ARISOH~ IRCDLETSOF SOAI?3MXIULUSA1’UIIROPDRAGCoefficient?FOR!EO%

a/.5~,
).1978
.o@ 8
.0238

.q’~8

.1858

.0738

.2658

.2448

.1X 8

.C528

.Oly8

.m 8

.2258

.Ma 8

.0388

.0168

.2628

.1888

.Op 8

.0228

*1
~

51.2:0

..-
9.8
73.5

---

1;:;
140.0
1130.o

- i.;
39.5
220.0
LO&5.O

;:;
76.0
580.0

<

F
32
32

32
32
32

32
32
32
32
32

32
32

$
32

%
32
32
—

*2
7Yir
220,0
l~,o

4.0
32.o
256.0

Lk.3
8.3

4?%
34CQ.O

1;:?
122.o
730.0
3300.0

4.9

2%
Ifk50.o

R
izT

128

128
128
1.28

Xa3
128
128
lw
128

128
128
128
128
1.28

1.28
128
128
1.28
—

*.

52.0

42%$

6;:;
m.o

2::
W8.o
1024.0
8192.0

y.o

2%:
1-(20.0
E&lo.o

6~:~
575.0
4900.0

I

~
512

;:

51.2
yl.z?
5=

312
512
~12
512
512

512

%
51.2
51.2

51.!2
512
512
51.2
—

[a=oo; Cz=ol

*4
1.05.O
10IX3.0
97m.o

8.8
132.0
llm.o

14.7
b2.2
~.o
2250.0
w .0

6!::
512.o
4096.0
32768.0

17.0
124.o
1.170.0
I.lmo.o

&
2048

2cJ18
2048

2048
a348
2048
2048
2048

2048
2048

2048

m48

da

v%
2L0.O
mlo.o
13500.0

15.6
260.0
2030.0

27.5
64.o
460.0
3two
3W.O

15.6
1.12.o
94.0.0

2$%::

32.0
256.0
2C4’8.O
16348.0

Cdl*l
122.3
831.9
7650.5

---
146.5
$w’.8

–6.;
239.6
1944.9
168W.8

---

4;:;
30!36.5
13930.5

37.6
137.8
1002.1
%83.2

C!=&va
122.2
953.9
8302.2

24.1
157.1
=33.3

g::
267.6
2M!Q.9
16604.4

1.8.3

5$::
3385.0
14157.2

29.4
141.9
66Q.3
9113.1

%#a
1(%.0
914.6
8535.7

u..8
132.0
1o41.2

3.4
37.3
2LI.k6
1962.7
l@+52.8

ls!.2

4%2
3319.8
14931.5

a.3
120.8
1063.1
9872.0

%*4

101J+
8~4.o
9705.8

G:;
978.5

16.5
45.6
229Jk
2079.6
27016.2

10.0
64.7
415.0
3760.8
285k6.2

18.5
IJ8.0
945.6

N%82.5

g
i-

=4
y
m

C%*5

113.6
921.7
7253.0

13;:;
1044.2

U54.2
37.3
2ho.5
2017.2
19878.6

6;:;
483.0
3147.6
13440.0

18.7
137.6
MM8.5
8814.1

u
ul



.-

8/c

0.226
.149
.055
.008

.212

.128

.038

.003

.236
,.w6
.lm
.024
.CQ2

.223

.168

.063

.010

TABLEVIII.– COMPARISONCIFFRcmlEm OF SCAIEKODDZOS ANO IEtOPDRAG C-ICIENT
FOR A laCENT+EUCK JCUKWSKI AIRFOJX

-.

%,
.

16
16
16
16

16
16
16
16

16
16
16
16
16

16
16
16
16
—

*1

2.0
16.0
128.0
1024.0

2::;
220.0
1700.0

---

4?::
372.0
2300.0

2.4
10.7
106.0
850.0

—

kz

z
64
64
64

64
64
64
64

64
64
64
64
64

64
64
64
6A
—

4.%
325.0
2380.0

8.0

5:::
4@6.o

-—-
IJ2.g
IJ5.0
930.0
5300.0

4.7
25.6
263.0
ZLoo.0

—

w.—
236
256
256
256

256
256
256
256

256
256
’256
256
B

256
256

z

[u=@; c~=o.221

(a)Uppm Surface

9.6
95.0
7a3.o
6200.0

18.4
140.0
U55.O
12500.0

4.0
32.0
256.0
2048.0
16384.0

11.o
62.0
560.0
5400.0

%4

1024
1024
1024
1024

1024
1024
1024
1024

1024
1024
1024
1024
1024

1024
1024
1024
1024

+4

17.0
185.0
1310.0
9700.0

35.0
276.0
21.50.O
---

6!:;
475.0
3700.0
---

16.0
128.0
1024.0
8192.0

14.2
106.8
826.0
9450.0

26.1
161.1
1449.0
13430.6

----
40.2
286.5
255A.9
26270.1

16.9
TL.8
670.2
6679.1

3.I..1

102.3
808.1
7893.9

21.4
162.2
1300.0
11462.5

----
34.1
28b.3
2919.6
20785.4

%2
648.5
6121.9

cda$~

11.6
ILO.8
796.8

10258.8

22.3
161.7
1334.3
16280.6

4.9
38.2
290.1
!?424.0
27433.4

13.4
72.8
630.8
7023.0

c&*4

10.8
113.1
788.5
7026.6

22.1
168.1
1310.4
—--

32::
284.2
=@9.5
-—-

10.2

6E:;
5454.7

.



s/c %

4.311 16
-.24Y16
-.o98 16
-.015 16

-.308 16
–.225 16
-.079 16
-.015 16

-.316 16
-.295 16
-.177 16
-.05516
-.014 16

-.31016
-.26516
-.IJ.816
-.031 16

$1 Rv,

2.064
16.064
128.064
024.064

2.564
22.164
163.0fa
Ooo.o64

-- - 64
5.264
43.06A
265.064
100.064

2.064
1.1.164
91.064
480.064

$2

4;:;
370.0
4000.0

2::
512.0
4096.0

---

14.3
1.21.o
850.0
h2w.o

6.2
31.3
272.0
1600.o

256
!36
256
256

256
256
256
2!%

256
256
256
!256

TABLEVIII.- CONI!D%WO

(b) lowerSurface

+
3

10.0
89.0
780.0

13000.0

12.4
121.o
1130.0
13200.0

4.0
32.0
256.0
2048.0
163EUt.o

2:;
560.0
3900.0

%4

1024
1024
1024
1024

1024
1024
1024
1024

1024
1024

1024
1024

1024
1024
1024
1024

$4 Cdl+l Cd#2

17.2 25.2 25.7
170.0 195.0 187.0
144Q.0 1372.0 1385.1
21m.o 1X60 .0 2h463.b

iL.6 31.8 34.0
237.0 257.2 249.3
!21m.o 1748.2 1843.4
Z?Jxn.o14382.419346.4

---- ---- ____
52.5
490.0 4%: 4X:;
3750.0 2ED4.8 3024.9
--- 19103.723730.3

16.0 25.5 26.4
128.0 137.0 12g.o

1024“o 993.8 996.3
8192.0 6575.0 7249.8

@-Ja

18.1
155.9
1253.7
31159.7

22.3

1%:
25814.3

57::
422.7
3263.0
35962.1

19.8
110.2
903.4
7381.0

%4*4

14.9
143.9
U31.4
23460.3

18.7
194.6
1652.5
19672.2

- _4;.;

5.54.5
!2$123.7
---

13.9
108.6
811.4
74’OQ.O

E!



TABLE lx.– COMRWUSOMOF Hm.Dums OF SCALEKm’oLus ~ IE@pIEiAG COEFFICIENTFQR A
X5-FERCEKPHIICKSYMM3TSICAJJJWKCMSKI AIRFOIZ

[IZ=40;.2=0.44]

(a)Uppr Surface

B/c

0.MZ2
.la
.042
.004

.170

.100

.026

.002

.204

.148

.068

.015

.002

.194

.X27

.043

.004

~
.

16
ti
16
16

16
16
16
16

16
16
16
16
16

16
16
16
16
—

la
1.28.o
L02h.0

4.4
27.?
230.0
---

- i.;
63.0
370.0
---

---
13.6
130.0
---

b2 *2

64
64 3t::
64 335.0
64 3000.0

64 8.0
64 64.0
64 512.O
64 4096.0

64
64 ‘--15.5
64 150.0
64 990.0
64 ---

64 3.3
64 29.0
64 320.0
64 2900.0

255
255
256
256

256
256
256
256

256
256
256
256
256

25%
256
256
256

d:;
520.()
7400.0

17.0
112.0
970.0

13000.0

4.0
32.0

256.0
2048.0
M5384.0

6.8
55.0
5C0.O
7400.0

1024
1024
1024
1024

1024
1024
1024
1024

1024
1024
1024
1024
1024

1.024
1024
1024
1024

+4

16.5
137.0
1000.0
---

36.0
230.0
IaO.o
-—-

9.0

4$::
28YI.O
-—-

16.o
328.0
1024.0
8192.0

Cdl$l

W
635.0
87~ .O

24.8
147.4
1117.3
——-

-G.;
328.7
2203.4
---

-7;.;
542.3.
-—-

8.1
74.3
690.2
9352.9

u .0
138.3
1023.0
13065.4

---
34.5
317.2
2320.8
---

d::
544.0

L0190.8

6z:~
2274.9
10161.2

17.8
KL4.3
919.8

1.8246.3

4.1
33.1
255.1

2225.7
22147.7

5:::
477.9

11236.8

9.4
76.2
540.7
---

20.7
U6 .9
896.5
--—

5.1

2??::
Is%l.6
-——

9.1
72.2
552.7
51X.6
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(b)Lmr Surface

B/c *1 +1 %2 v-~ %= *S %4 $4 Cdl+-l Ca#z ca,& c&4*4

-0.40916 2.0 64 2.0256 8.7
-.33616 16.o 64 35.0*6 i.; :::: 15R &g:: 1;:: &;.;
-.14516

168.6
J.28.o64 330.0256 740.0 1024 Il!jo.o1220.6 1372.5 1297.1 971.9

-.03516 1024.0 64 2400.0256 6603.0 102411’xo.o10233.O10232.011898.o 999.1

-.40016 3.7 64 8.o256 9.5 1.o24 EQ.o 72.9 41.3 26.7 24.5
-.2% 16 20.8 64 64.0256 170.0 1024 280.0 285.2 239.8 369.8 288.6
-.I-I-216 187.0 64 512.O256 IJ.cO.o1024 1700.0 1847.1 2161.5 1968.5 1460.9
-.02616 1670.0 64 4096.025612000.oI02h27000.020155.013461.024002.125598.0

-.40816 2.3 64 2.5256 4.0 1024 13.1
-.37916

10.9 8.6
7.4 64 16.o256 32.0 1024 2:: 1% 77.5 %.6 7D.6

-.24716 42.5 64 102.0256 ZYJ6.O1024 420.0 52Q.3 344.6 519.6 4Q5.3
-.07216 350.0 64 9CQ.O~ 2048.0 1024 3400.0 389o.6 2792.0 3948.3 31.19.2
-.02516 1700.0 64 4500.025616384.0102428000.O20822.015201.033%0.0 2-70s.0

-.40016 3.8 64 6.2m 9.5 1024 16.0 72.9 32.1
65.o 1024 128.0 204.8 123.7 1%!

19.6
-,35016 1.2.3”64 28.0 256 143.6
-.15516 1.14.o64 295.0@ 6500.0 1024 1024.o 1087.1 1227.0 1139.4 865.4
-.04116 760.0 64 19W .0 256 4700.0 1024 8192.0 7987.6 5727.3 87!29.8 72~ .3
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TABLE x.-COMFAKCSON OF FRODUfXS OF SCALE M)Dt%UE3 M?D DROP IEiAGCOEFFICIXNTFOR A
15-H3RCENWE31CKCAMWRED JODKOWS~ AIRFOIL

[u==O”;C~=Q.44;a=l.O MEAN IZNE]

(a) -r Surface

).305
.21.1
.092
.022

.294

.192

.072

.015

.317

.273

.158

.046

.q

.310

.2h3

.lc$J

.025

—

%,
—

16
16
16
16

16
16
16
16

16
16
16
16
16

16”
16
16
16
—

2.0
16.o
128.0
L02k.0

3.1
22.0
m3.o

L~10 .0

---

3::;
305.0
yxm.o

- ;.i
92.0
870.0

—

m.

z
64
64
64

64
64
64
64

64
64
64
64
64

2
64
64
—

*Z

4;::
338.0
25X.O

&
512.0
Jlo96.o

—--
13.5
107..0
MxO.o
9600.0

22::
245.0
212Q.o

,,!

w~

256
*
256
256

256
256
256
m

256
256
256
~;

256
256
256
256

10.7
112.5
730.0
~loo.0

17.5
152.0
1070.0
7400.0

4.0
32.0

2%%
16384.o

J’:;

‘4%::

1024
1024
1024
1024

1024
M124
1024
1024

1024
1024
1024
1024
1024

lo2k
1024
102L
1024

?4

21.5
222.0
13@.o
9300.0

34.2
292.0
2050.0
13000.0

8.4
63.0
475.0
3850.0
-.0

16.o
128.0
1024.0
8192.o

15.0
122.9
1116.0
lhlp.0

22.9
172.4
19c0.4
20354.5

----
37.4
3oh.2
3619.9
41119.9

----
70.3
~i.4

1.2211.o

13.9
134.0
1074.3
u.670.1

22.4
185.9
1697.8
18122.2

____
37.2

;313.9
4035.1
38413.8

9.6
73.6
753.3
9806.6

13.5
143.9
1017.2
9747.6

22.0
197.0
1563.6
13735.2

5.1
39.3
333.6
3333.4
27985.0

10.1
81.4
730.9
8287.0

Cd***

13.9
146.5
971.6
8457.7

1$:;
1496.0
11553.5

42:;
37.7
3208.3
2h83.6

10.6
83.2
706.2
7515.4

m
o

a

.
1
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(b)LowerSurface

s/c WI *1 %2 $2 %= $= RV4 *4 %lvl cd2*2 cd& CL*4

-o.21516 2.0 64 6.6 256 8.0 1024 12.0 22.6 25.6 13.3 9-7
-.18016 16.0 64 36.5 ‘?% 67.8 1024 140.0 162.0 130.3 104.6 106.3
–.o6816 128.064 345.02% 740.01024 1520.0 988.0 993.3 952.5 1005.8
-.o1816 1024.064 225.0256 6300.01024 12500.0 9680.0 7605.0 9266.1 9154.0

–.21216 3.2 64 8.0 256 10.0 1024 19.0 36.1 31.0 16.6 15.4
-.15716 26.564 64.o %j6 122.01024 250.0 257.1 221.2 182.6 186*3
-.05316 183.064 51.2.O2y5 1430.01024 2400.0 1410.4 1469.8 1449.5 1580.8
-.01216 17CQ.0 64 4@6.o 256 llo(xl.0 1024 22000.015049.113150.415489.915616.7

-.ZZ6 16 -–- 64 --- 256 4.0 1024 10.0---- ----
-.19916 8.3 64 19.0 256 32.01024 58.0 89.4 71.0 5;:2 4;:;
-.12016 49.0 64 129.0256 256.o1024 508.0 435.3 414.9 361.5 360.1
-.03816 320.064 840.0256 2048.01024 42CC).O2@+3.6 2554.3 2748.6 2882.8
-.00816 2500.06J+ 6400.0256 16384.01024 28500.018407.617738.020373.0N34Y .6

-.21316 2.6 64 5.6 256 6.0 1024 16.0 29.8 22.1 10.1 13.0
-.18316 14.3 64 33.0256 62.0 1024 u?8.o 147.9 119.8
-.o8516 89.0 64 245.0256 508.01024 1024.0 7’14.4 725.7 ii%; 6%2
-.02516 610.064 1500.0256 40Q0.O1024 8192.0 585A.3 5121.0 5952.4 6055.4
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m

TKmJE xl.- COMMRISON OF FRODUCT5 OF SCAIX MIDULTJS AIKO JIROP DRAG COEFFICIENT ‘F~
AN rfACA61&015 AIRFOIL

[Go”; c~=o.44]

(a) UpperSurface

s/c

9.=9
.128
.021
.OIX

.240

.092

.018

.008

.281

.W

.047

.014

.008

.267

.r50

.026

.O1o

m,

16
16
16
,16

16
‘16
16
~16

16
16
16
16
,16

16
16
16
16

*1

2.0
16.0
1.28.o
L02k.O

X
160.0
---

- ;.9
52.0
260.0
—--

---

12.2

$::

$2 I%a

5.0256
41.0‘2y5
390.0m
]Ooo.o255

8.0256
64.0256

512.0 256
1.096.o256

- 256
‘li.k 256
128.0256
890.0256
—-- 256

3.7 36
32.0 256
270.0256
IL(X).0 256

$3 ma

10.01024
92.01024
76(3.01024

9000.O 1024

17.11024
137.01024
1050.01024
--- 1024

4.0 1024
32.01024
256.01024
2048.01024
.638k.O1024

7.61024
m.o 102J+
530.01024
yxm.o 1024

20.5
161.0
L@30.O
---

33.7
248.0
L800.O
---

7.6
59.0
500.0
35c0.0
---

16.0
128.o
L024.0
TL92.o

cal$l

12.8 u.6 12.5
104.9 107.3 98.7
1004.2 892.1 861.6
.0410.113503.7---

20.6

1

19.9 20.7
163.7 159.3 151.6
1349.7 u+?49.6u21.6
.2E!O0. o -- ---

---- 4.7 4.6
36.9 37.2 36.1
324.3 295.6 303.9
2534.9 26L2.2230k.7
--- -.3 ---

13.3
1.06.8
859.0
9973.3

23.4
165.9
1102.3
---

---
39.3
3k2.0
1980.5
---

‘8;.Y
641.1
4657.4

!s
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!cABmXI.- colmLuoEo

(b) Lower Surface

, 4

B/c %1 *1 %2 +2 ~ $~ ~ +4 %1*1 G&$2 cola+” c~#4

-0.51416 2.0 64 5.0 256 10.0 1024
-.481 16

16.0 27.2 21.9 18.4 13.2
16.0 64 31.0 256 74.0 102J+ 135.0 2.L3.0

-.185 16
137.2 132.4 119.9

1.28.o64 345.0256 900.01024 1620.0 2330.0 2013.4 2Q79.1 1732.5
-.04016 1024.o64 2400.0256 5Eno.o1024 15&lo.0l~lo.o 13499.912989.415734.6~

-.51216 2.7 64 8.o 256 13.5 1024 21.o
-.41716

36.5 34.9 24.8 18.5
28.0 64 64.0 256 160.01024 275.0 396.1 289.8 303.3

-.14916
226.5,

172.064 512.o256 1250.01024 2360.0 3275.0 3107.2 29~.1 2?j87.9~
-.o2416 lx?oo.o64 4096.02y5 108OO.O1024 --- 204D .7 18420.018749.1 --–’

–.52316 --- 64 --- 256 4.0 1024 --- ---- ---- 7.4 -–-
-.50616 6.0 64 12.3 2% 32.0io24 52.0 82.9 54.6 59*7 46.3
-.35516 42.o 64 98.0 256 25.0 lo2k 448.0 623.7 476.3 512.2 396.7
-.100ti 282.064 7t30.o256 Po48.o1024 4000.0 5617.2 4927.4 5051.8 4516.0
-.019 16 --- 64 –-– 256 163&.o 1024 --- -–- --- 19h62.9 -––

-.51416 2.0 64 5.0 256 10.01024 16.0 22.0
-.4@ 16

18.5 14.2
14.8 64 29.5256 70.01024 128.0 2??7:: 131.’7 130.9 U4.5

-.24516 83.5 6A 215.o256 570.01024 102J+.0 1316.1 1101.6 w%. 3 952.1
-.065 16 W.o 64 1330.0256 32&.o 1024 8192.0 9869.7 85d+o.7%314.6 9250.3
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o = 1.0 mean line.
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